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Abstract
Organic transistors have attracted significant research interest in recent years due to
their promises of mechanical flexibility and low-cost fabrication. Possible innovative
applications include wearable electronic sensor systems, as well as mass-produced,
inexpensive localization tags for logistics. However, the limited charge carrier mo-
bility in organic semiconductor materials, contact resistance at the organic-metal
interface and comparably long transistor channel lengths result low-speed organic
transistors and low current densities compared with conventional inorganic transis-
tors. The organic permeable base transistor (OPBT) is a disruptive transistor ar-
chitecture that overcomes some of these drawbacks by providing a vertical transistor
channel, which is much shorter than in lateral channel organic transistor devices.
Consequently, it has been shown to be the fastest organic transistor to date with a
transition frequency of 40 MHz, driving currents up to the kA/cm2 regime. Nev-
ertheless, the OPBT has not yet reached the application stage and its production
has been limited to lab-scale devices deposited onto rigid glass substrates. Issues
include low yield, large leakage currents, and unknown reliability of the devices.
This work addresses these problems by transferring OPBTs to flexible polymer
substrates and introducing a controlled and easily reproducible manufacturing tech-
nique for the crucial base oxide layer by electrochemical anodization. The anodiza-
tion technique allows the creation of defined insulating layers, leading to devices
with significantly reduced leakage currents and consequently very large transmis-
sion factors of 99.9996%. An investigation into the electrical stability of OPBTs
shows that the devices are suitable as switching transistors in active matrix organic
light emitting displays (AMOLED). In this application, the OPBT demonstrates
its strengths particularly well, because fast operation and high current densities are
needed. With this thesis a series of milestones on the path to commercial viability of
the OPBT have been reached, making the device fit for large-scale production and
integration into flexible electronic circuits, allowing it to drive the bendable organic
displays of the future.
iv
Kurzdarstellung
Durch die Aussicht auf mechanische Flexibilität und kostengünstige Herstellung
haben Organische Transistoren in den vergangenen Jahren erhebliches Forschungs-
interesse geweckt. Innovative Anwendungsideen umfassen tragbare elektronische
Sensorsysteme und massenproduzierte, preiswerte Ortungsetiketten für die Logistik.
Leider führen die geringe Ladungsträgermobilität in organischen Halbleitermateria-
lien, Kontaktwiderstände am Organik-Metall-Übergang und vergleichsweise große
Kanallängen der Transistoren dazu, dass organische Transistoren langsamer sind
und geringere Stromdichten aufweisen als anorganische Transistoren. Der Organic
Permeable Base Transistor (Organischer Transistor mit durchlässiger Basis, OPBT)
stellt eine bahnbrechende Transistorarchitektur dar, die mithilfe eines vertikalen
Transistorkanals einige der vorgenannten Nachteile überwindet. Dadurch ist die
Kanallänge deutlich kleiner, als das bei lateralen organischen Transistorbauteilen der
Fall ist. Infolgedessen kann er sich als der bisher schnellste organische Transistor mit
einer Transitfrequenz von 40 MHz behaupten und Stromdichten bis in den kA/cm2
Bereich treiben. Nichtsdestotrotz hat der OPBT bislang keine Anwendungsreife er-
reicht und wird derzeit nur im Labormaßstab auf starren Glassubstraten hergestellt.
Hindernisse sind die geringe Produktionsausbeute, große Leckströme und die unklare
Zuverlässigkeit der Bauteile.
Diese Arbeit nimmt die eben genannten Herausforderungen in Angriff. Es wer-
den OPBTs auf flexible Polymersubstrate übertragen, sowie eine kontrollierte und
einfach reproduzierbare Herstellungsmethode für das wichtige Basisoxid durch elek-
trochemische Anodisierung eingeführt. Die Anodisierungsmethode lässt definierte
Isolationsschichten entstehen, was zu stark reduzierten Leckströmen und folglich
zu sehr großen Transmissionsfaktoren von 99,9996% führt. Die Untersuchung der
elektrischen Stabilität von OPBTs zeigt, dass die Bauteile als Schalttransistoren in
organischen Aktiv-Matrix-Displays geeignet sind. Für diese Anwendung sind die
Stärken von OPBTs besonders relevant, weil kurze Schaltzeiten und hohe Strom-
v
dichten benötigt werden. Mit der vorliegenden Arbeit wird eine Reihe von Meilen-
steinen auf dem Weg zur kommerziellen Anwendbarkeit von OPBTs erreicht. Damit
ist das Bauteil reif für die großtechnische Produktion und die Integration in flexi-
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mánek, Peter; Kleemann, Hans; Leo, Karl: High-Speed and High-Current
Vertical Organic Transistors. In: Figshare DOI 10.6084/m9.figshare.8052596.v2,
DPG Spring Meeting, contributed talk, 2019.
3. Iseke, Henning; Dollinger, Felix; Kleemann, Hans; Leo, Karl: Density
of States at the Interface of Organic Permeable-Base Transistors. Abstract
Online, DPG Spring Meeting, poster presentation, CPP 37.29, 2019.
4. Guo, Erjuan; Xing, Shen; Dollinger, Felix; Kleemann, Hans; Leo, Karl:
Organic nano-triode arrays based on self-assembled porous Al and PMMA.
Abstract Online, DPG Spring Meeting, poster presentation, HL 45.20, 2019.
5. Dollinger, Felix; Klinger, Markus P.; Fischer, Axel; Formánek, Peter;
Kleemann, Hans; Leo, Karl: Flexible Vertical Organic Transistors for MHz
Circuits. Abstract Online, DPG Spring Meeting, contributed talk, HL 45.5,
2018.
6. Li, Yang; Dollinger, Felix; Klinger, Markus P.; Fischer, Axel; Klee-
mann, Hans; Leo, Karl: Optimization of the Base Electrode in Organic
Permeable Base Transistors. Abstract Online, DPG Spring Meeting, poster
presentation, HL 13.56, 2018.
7. Dollinger, Felix; Klinger, Markus P.; Fischer, Axel; Kleemann, Hans;
Formanek, Peter; Leo, Karl: Flexible Electronic Circuits - Vertical Transis-
ix
tors and Passive Devices. In: Figshare DOI 10.6084/m9.figshare.5383654.v2,
European Conference on Molecular Electronics, poster presentation, 2017.
8. Klinger, Markus P.; Dollinger, Felix; Fischer, Axel; Kaschura, Fe-
lix; Widmer, Johannes; Leo, Karl: Organic Permeable Base Transistors
for Flexible Electronic Circuits. In: ScienceOpen Posters DOI 10.14293/
P2199-8442.1.SOP-PHYS.PIRZBG.v1, International Conference on Organic
Electronics, poster presentation, 2016.
9. Dollinger, Felix; Nehm, Frederik; Müller-Meskamp, Lars; Leo, Karl:
Multilayer Aluminum Thin Films as Effective Encapsulation for Flexible Or-
ganic Devices. In: ScienceOpen Posters DOI 10.14293/P2199-8442.1.SOP-
PHYS.PSKQTV.v1, DPG Spring Meeting, poster presentation, DS 39.33, 2015.
10. Nehm, Frederik; Klumbies, Hannes; Fahlteich, John; Dollinger, Felix;
Leo, Karl; Müller-Meskamp, Lars: Device-like calcium corrosion test for
ultra-barrier materials. Abstract Online, DPG Spring Meeting, contributed
talk, DS 1.14, 2015.
x
Supervised Student Projects
1. Henning Iseke, Master thesis in Physics : Density of States in Organic Perme-
able Base Transistors, 2019
2. Henning Iseke, Research practice in Physics : Density of States in Organic
Permeable Base Transistors, 2018
3. Chi-Heng Chiang, Lab rotation in the master program Organic and Molecular
Electronics : Spin-coated Polyimide Substrates for Flexible Electronics, 2018
4. Yang Li, Master thesis in Organic and Molecular Electronics : Base Anodiza-
tion of Organic Permeable Base Transistors, 2018
5. Zheye Chen, Project work in the master program Organic and Molecular Elec-
tronics : Preparation of Flexible Thin-Film Capacitors with High Breakdown
Voltage, 2017
6. Marian Keryakos, Lab rotation in the master program Organic and Molecular
Electronics : Characterization of Organic Permeable Base Transistors, 2017
7. Nikolay Lyapunov, Project work in the master program Organic and Molecular






Table of Contents xv
List of Figures xix
List of Tables xxi
1 Introduction 1
2 Fundamentals 5
2.1 Organic Semiconductors . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.1 Polymer and Small Molecule Semiconductors . . . . . . . . . . 7
2.1.2 Charge Transport . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.3 Injection and Doping . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Organic Transistors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.1 Organic Field-Effect Transistors (OFET) . . . . . . . . . . . . 16
2.2.2 Vertical OFETs . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2.3 Organic Permeable Base Transistors (OPBT) . . . . . . . . . 26
2.2.4 Other Vertical Organic Transistors . . . . . . . . . . . . . . . 31
2.3 Thin-Film Passive Devices . . . . . . . . . . . . . . . . . . . . . . . . 35
2.3.1 Conductors and Resistors . . . . . . . . . . . . . . . . . . . . 35
xiii
Contents
2.3.2 Capacitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3.3 Inductors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.4 Flexible Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.4.1 Flexible Substrates . . . . . . . . . . . . . . . . . . . . . . . . 39
2.4.2 Flexible Encapsulation . . . . . . . . . . . . . . . . . . . . . . 40
2.5 Electrical Stability of Organic Transistors . . . . . . . . . . . . . . . . 44
3 Experimental 49
3.1 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.1.1 Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.1.2 Vacuum Deposition . . . . . . . . . . . . . . . . . . . . . . . . 52
3.1.3 Oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.1.4 Encapsulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.1.5 Annealing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.2 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.2.1 Current-Voltage Measurement . . . . . . . . . . . . . . . . . . 58
3.2.2 Impedance Spectroscopy . . . . . . . . . . . . . . . . . . . . . 60
3.2.3 Transmission Electron Microscopy . . . . . . . . . . . . . . . . 60
4 Results – Flexible Devices 63
4.1 Flexible Organic Permeable Base Transistors . . . . . . . . . . . . . . 63
4.1.1 Material Choices and Encapsulation . . . . . . . . . . . . . . . 64
4.1.2 Shunts in Flexible Devices . . . . . . . . . . . . . . . . . . . . 65
4.1.3 Functional Flexible OPBTs . . . . . . . . . . . . . . . . . . . 69
4.2 Flexible Passive Components . . . . . . . . . . . . . . . . . . . . . . . 72
4.2.1 Flexible Resistors . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.2.2 Flexible Capacitors . . . . . . . . . . . . . . . . . . . . . . . . 75
4.2.3 Polymer Capacitors . . . . . . . . . . . . . . . . . . . . . . . . 76
4.2.4 Flexible Inductors . . . . . . . . . . . . . . . . . . . . . . . . . 78
xiv
Contents
5 Results – Anodization of the Base Layer 81
5.1 Impact of Base Layer Passivation . . . . . . . . . . . . . . . . . . . . 81
5.2 Wet Chemical Anodization . . . . . . . . . . . . . . . . . . . . . . . . 82
5.3 Electrical Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.4 Transmission Electron Microscopy . . . . . . . . . . . . . . . . . . . . 88
5.5 OPBTs with Thick Base Layer . . . . . . . . . . . . . . . . . . . . . . 89
5.6 Morphology of Anodized Layers . . . . . . . . . . . . . . . . . . . . . 90
5.7 Anodization Atop and Below the Base . . . . . . . . . . . . . . . . . 92
5.8 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . 93
6 Results – TEM Investigations 95
6.1 EDXS Investigation of the Base . . . . . . . . . . . . . . . . . . . . . 95
6.2 Comparison to Simulation . . . . . . . . . . . . . . . . . . . . . . . . 97
6.3 Tightness of the Base Oxide . . . . . . . . . . . . . . . . . . . . . . . 98
7 Results – Electrical Stress Measurements 101
7.1 Threshold Voltage Definition . . . . . . . . . . . . . . . . . . . . . . . 102
7.2 Electrical Stress Conditions . . . . . . . . . . . . . . . . . . . . . . . 104
7.3 Shift of the Transfer Curve . . . . . . . . . . . . . . . . . . . . . . . . 106
7.4 Temperature Dependence . . . . . . . . . . . . . . . . . . . . . . . . 107
7.5 Current Dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
7.6 Stress Under Illumination . . . . . . . . . . . . . . . . . . . . . . . . 109
7.7 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . 111
8 Conclusion and Outlook 113
8.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113






2.1 Pentacene as a powder and its chemical structure . . . . . . . . . . . 6
2.2 Energy splitting in ethen . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Examples for polymers . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 Flexible solar cells, polymer and small molecule . . . . . . . . . . . . 9
2.5 Hopping transport in organic semiconductor . . . . . . . . . . . . . . 12
2.6 Schematic Doping in Organic Semiconductors . . . . . . . . . . . . . 14
2.7 Chemical structure of W2(hpp)4. . . . . . . . . . . . . . . . . . . . . 15
2.8 Basic structures of different transistor concepts . . . . . . . . . . . . 17
2.9 OFET matrix display with 1.888 organic transistors . . . . . . . . . . 18
2.10 Stack and measurement curves of an excellent OFET . . . . . . . . . 20
2.11 Transition frequency of OFETs . . . . . . . . . . . . . . . . . . . . . 21
2.12 Vertical integration of VOFET and OLED . . . . . . . . . . . . . . . 24
2.13 Device Structure – Electrolyte Gated VOFET . . . . . . . . . . . . . 25
2.14 Electrolyte gated vertical OFET . . . . . . . . . . . . . . . . . . . . . 26
2.15 Development from vacuum tube to OPBT . . . . . . . . . . . . . . . 27
2.16 Layer stack and transfer curve of a typical OPBT . . . . . . . . . . . 29
2.17 Simulation of OPBT device operation . . . . . . . . . . . . . . . . . . 32
2.18 Fabrication of an SCLT . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.19 Organic Schottky Barrier Transistor . . . . . . . . . . . . . . . . . . . 34
2.20 Schematics of a planar induction coil . . . . . . . . . . . . . . . . . . 38
2.21 Cross-section through a multilayer barrier coating . . . . . . . . . . . 41
2.22 Defect formation in a barrier coating . . . . . . . . . . . . . . . . . . 42
xvii
List of Figures
2.23 Categories of transistor stress . . . . . . . . . . . . . . . . . . . . . . 45
2.24 Stress effect in organic transistors . . . . . . . . . . . . . . . . . . . . 47
3.1 Stack of an OPBT device in TEM cross-section . . . . . . . . . . . . 49
3.2 Flexible OPBTs samples during production . . . . . . . . . . . . . . . 52
3.3 Schematics of vacuum deposition . . . . . . . . . . . . . . . . . . . . 53
3.4 Anodization setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.5 Photographs of samples exposed to anodization . . . . . . . . . . . . 57
4.1 Flexible OPBTs on PEN and PI substrates . . . . . . . . . . . . . . . 64
4.2 Transfer curves of failing OPBT devices . . . . . . . . . . . . . . . . 66
4.3 Bulges in a flexible OPBT seen in TEM cross-section . . . . . . . . . 67
4.4 Hillocks in an aluminum thin-film . . . . . . . . . . . . . . . . . . . . 67
4.5 Flexible OPBT with gold electrodes . . . . . . . . . . . . . . . . . . . 68
4.6 Transfer curve of a flexible OPBT . . . . . . . . . . . . . . . . . . . . 69
4.7 TEM cross-section of flexible OPBT . . . . . . . . . . . . . . . . . . . 70
4.8 Sheet resistance over Al thickness . . . . . . . . . . . . . . . . . . . . 72
4.9 Meander structure shadow mask . . . . . . . . . . . . . . . . . . . . . 73
4.10 Flexible Al resistor device on a PEN substrate . . . . . . . . . . . . . 73
4.11 Impedance spectroscopy on a flexible resistor device . . . . . . . . . . 75
4.12 Capacity measured on salt capacitors . . . . . . . . . . . . . . . . . . 76
4.13 Flexible thin-film capacitor . . . . . . . . . . . . . . . . . . . . . . . . 77
4.14 Flexible coil for localization tag . . . . . . . . . . . . . . . . . . . . . 79
5.1 Schematic stack of an anodized OPBT . . . . . . . . . . . . . . . . . 83
5.2 TEM cross-section of anodized OPBT . . . . . . . . . . . . . . . . . . 84
5.3 Measurements of anodized OPBTs . . . . . . . . . . . . . . . . . . . 86
5.4 Changes in the electronic properties of anodized devices with and
without preheating . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.5 EDX analysis of anodized OPBTs . . . . . . . . . . . . . . . . . . . . 88
5.6 Impedance measurements on anodized samples . . . . . . . . . . . . . 89
xviii
List of Figures
5.7 SEM investigations on anodized base layers . . . . . . . . . . . . . . . 91
6.1 Energy dispersive X-ray spectroscopy (EDXS) on the base layer . . . 96
7.1 Definition of Vth in OPBTs . . . . . . . . . . . . . . . . . . . . . . . . 103
7.2 Measurement regime for electrical stress . . . . . . . . . . . . . . . . 105
7.3 Shift of transfer curves under electrical stress . . . . . . . . . . . . . . 106
7.4 Temperature dependence of electrical stress . . . . . . . . . . . . . . 108
7.5 Current density dependence of electrical stress . . . . . . . . . . . . . 108




2.1 Overview of OFET characterization quantities . . . . . . . . . . . . . 22
2.3 Parameters of flexible substrates . . . . . . . . . . . . . . . . . . . . . 40




Since the concept of a transistor was patented by Julius Edgar Lilienfeld less than a
century ago, electronic devices have permeated our daily life. Today we use trillions
of transistors every day in our telephones, vehicles, and buildings. These transis-
tors are realized using silicon crystals photo-lithographically structured with utmost
precision to achieve feature sizes far below the wavelength of visible light. The de-
vices covered in this work are also transistors and they are likewise structured in the
nanometer regime. In contrast to conventional devices, they are not comprised of sil-
icon, or in fact any crystalline material. Instead, they use soft organic semiconductor
materials and can be manufactured on flexible substrates at moderate temperatures
below 100◦C. In consequence, they are mechanically bendable, allowing for a myriad
of new application-fields, such as wearable fitness trackers or rollable display back-
planes. Additionally, no lithography is needed to achieve the ultra small feature
dimensions, because native nano-processes in the film formation are exploited. This
and the fact that crystal growth is not needed enable very facile mass-production of
electronic devices in roll-to-roll coating technology, potentially enormously reducing
costs and energy connected to silicon wafer growth and handling.
Such advantageous properties are achieved by employing organic materials as
semiconductors and by using an innovative vertical transistor design called the or-
ganic permeable base transistor (OPBT). Analyzing the name allows us to
understand how this transistor differs from a conventional silicon field-effect transis-
tor. First, there is the word organic, which does not mean biological or eco-friendly,
1
1 Introduction
but is used in the sense of organic chemistry. Hence the semiconductor is not an
inorganic crystal, but is comprised of molecules consisting of carbon and hydrogen
atoms, or even only carbon in case of a fullerene molecule C60. The second and third
words permeable base refer to the device architecture. Every transistor has at least
three electrodes, two of which are used to apply a supply voltage, which can drive a
current through the device. The third electrode is used to modulate the magnitude
of the current between the other two electrodes. In a standard field-effect transis-
tor, the third electrode is located beside the other two, and a voltage applied to this
electrode modulates the conductivity of the semiconductor by changing the concen-
tration of free charge carriers. In an OPBT on the other hand, all three electrodes
are stacked on top of each other with the organic semiconductor sandwiched in be-
tween them. The modulating base electrode is located in the center of this stack.
Any charge carriers flowing through the device must pass through this central base
electrode, hence it needs to be permeable to charge carriers. This permeability is
enabled by nano-sized openings in the metallic base electrode. In summary, the
OPBT is a transistor employing an organic semiconductor in a vertical device stack
with a central base electrode that is permeable to charge carriers.
The vertical structure of the OPBT makes it easy to adjust the relevant device
dimensions, since they correlate directly with the thickness of the individual layers.
In the vacuum deposition processes used for OPBTs, the layer thickness can be
controlled easily in the subnanometer regime. Nevertheless, an OPBT requires a
lateral nano-structure, since the base layer needs to contain small openings that
allow for the permeation of charge carriers. The natural growth of such holes can
be induced by effectively using strain in thin films and surface energy differences
between the electrode’s metal and the semiconductor. This leaves the formation of
the nano-structure to the nature of the materials themselves. The base metal is not
the only layer in an OPBT that requires such nano-holes, since an insulating layer
is inevitably needed around the base to avoid current leakage into this electrode.
Insulating layers can easily be deposited above and below the base, but they would
2
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block charge carriers on their way through the stack. Instead, the base metal is
oxidized, creating a native insulating layer around the base that does not block the
openings, while also creating effective insulation between the semiconductor and
the electrode, even at the sidewalls of the openings. Thus, the formation of the
crucial base layer of the OPBT is governed by two native processes: the formation
of openings and the oxidation of the metal surface.
In the following chapters, a thorough introduction into the topic of organic semi-
conductors and organic transistor concepts is given, as well as an overview of the
state-of-the-art of flexible electronic devices. This work describes the first report of
the manufacture and characterization of a flexible OPBT. Additionally, all flexible
thin-film devices needed for the integration of flexible electronic circuits have been
engineered, as shown in Chapter 4. The subsequent Chapter 5 details significant
advances made by introducing anodization into the production of organic transis-
tors. This technology allows for an electrochemically-grown base oxide layer, which
greatly reduces current leakage and hence improves the current gain of OPBTs by
several orders of magnitude. Chapter 6 gives insights into the nano-structure of
the base layer that are currently possible by high-resolution elementally-resolved
transmission electron microscopy. The images clarify the nature of the nano-holes
which render the base permeable and help to understand the formation of the tran-
sistor channel through these openings. Finally, Chapter 7 investigates the electrical
stability of OPBTs. This is of paramount importance for the applicability of the
transistors to real-world circuits, because it determines how well a circuit-designer
can trust the electrical properties to be constant over time. The OPBT is shown
to be stable enough for demanding applications such as the use in the backplane of
organic light-emitting displays.
In conclusion, this work brings the OPBT technology one large step closer to
being employed in commercial flexible electronic devices and clarifies exciting aspects
of surface and device physics involved in the formation of the crucial nano-size
openings in the base electrode of OPBTs. It is demonstrated that OPBTs can
3
1 Introduction
be manufactured on flexible substrates, and a process is developed to control the
oxidation of the base layer. Furthermore, this work clarifies the device operation




Organic chemistry is the science about carbon based compounds. These compounds
mainly consist of three types of atoms (carbon, hydrogen and oxygen), but offer
a variety of millions of combinations and structures with widely varying physical
and chemical properties. They form acids like the acetic acid C2H4O2 and bases
like methylamine CH3NH2. They can be highly poisonous like BTX (botulinum
toxin C6760H10447N1743O2010S32) or absolutely essential for human life like the DNA
(deoxyribonucleic acid) that carries our genetic information. Also the electrical
properties of organic compounds cover the entire range from insulators over semi-
conductors to conductors. This section gives an introduction into charge transport
in organic molecules and the semiconducting properties of selected compounds.
A relatively simple, yet widely used organic semiconductor (OSC) molecule is
pentacene (Figure 2.1). It consists of five linearly fused benzene rings. Semicon-
ductors are materials that have an energy gap of a few eV between their valence-
and conduction-bands, or in the case of molecular materials, between their High-
est Occupied Molecular Orbital (HOMO) and their Lowest Unoccupied Molecular
Orbital (LUMO). The alternating single and double bonds in the ring structure of
pentacene cause the formation of a delocalized π-electron system across the entire
molecule. Specifically, three bonding electrons of each carbon atom participate in
an sp2 hybridization, while one p electron orbital forms a π-bond with a respective
5
2.1 Organic Semiconductors 2 Fundamentals
Figure 2.1: The organic semiconductor pentacene (C22H14) as a powder and
its chemical structure. The alternating single and double bonds
between carbon atoms form a delocalized electron system over the
entire molecule. Images are in the public domain (by Wikipedia
user Northfox).
orbital of a neighboring atom. Since both neighbors of each carbon atom are iden-
tical, a π-bond to either one is equally likely, resulting in a state of superposition
of both possibilities and consequently in a probability distribution of the electron
over the entire π-electron system. The π-bond goes along with a relatively small
energetic splitting (illustrated in Figure 2.2), creating an energy gap between the
HOMO and the LUMO that can be suitable for semiconductor applications or even
optoelectronics, if the energy gap is in the range of the photon-energy of visible
light. The height of the energy gap decreases with the length of the conjugated
π-electron system. While it amounts to more than 7 eV in ethen [1], it decreases to



























































2 Fundamentals 2.1 Organic Semiconductors
energy molecular orbitals. The missing energy can be supplied by absorption of
molecular vibrations, which carry the thermal energy of the material. This explains
why higher temperatures lead to an increase in charge carrier mobility in organic
semiconductors, while the opposite effect is known from inorganic materials where
phonon-scattering leads to a reduction of mobility. The probability for jumps fol-
lowing the arrows in Figure 2.5 can be quantified by the Miller-Abrahams-rates,








θij = 1 for Ej > Ei, θij = 0 else
Here α is the inverse localization radius of molecular orbitals, Rij is the distance
between i and j, Ex are the energy levels and kBT is the Boltzmann factor. Hence
in the limit of high temperatures, the hopping rate is limited by the distance be-
tween delocalized orbitals. Bässler has applied these rates in a computer simulation
and found a eT
−2
temperature dependence of the mobility for disordered organic
materials (“organic glasses”) [11].








The constant T0 scales with the width of the Gaussian DOS and the boundary
mobility µ0 represents the case of large temperatures. Of course, the assumption of
a Gaussian DOS does not fit for every kind of organic semiconductor. Since there
is no universal theoretic description of charge transport in organic semiconductors,
the model has to be chosen individually for every material system. Tessler et al.
provide a good overview of different approaches [12].
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Figure 2.5: Hopping transport in an amorphous organic semiconductor in an
electric field. An electron drifting in the direction of lower potential
performs a hopping transport from one molecular state to the next.
Statistically some tunneling processes go to a higher energy state,
which is possible by phonon absorption. This explains the posi-
tive temperature activation of mobility in organic semiconductors.
Image taken with permission from [13].
Space-Charge Limited Current
Since organic semiconductor devices typically have small dimensions in the sub µm-
regime, applied voltages of a few Volts result in huge electric fields of the order
of 100.000 V/cm. Such a field is easily strong enough to inject charge carriers
into the material more quickly than they can move away from the electrode an
organic semiconductor with its comparatively low charge carrier mobility. This leads
to a space-charge situation, where charge carriers that accumulate in the material
repel each other. The Coulomb repulsion adds to the external electric field and
pushes charge carriers through the material. Consequently the current becomes









Here ε and ε0 are the relative permittivity and the vacuum permittivity, respectively,
and L is the distance between the contacts. The Mott-Gurney law makes some
assumptions that are not always met in organic semiconductors, but apply well for
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the C60 systems used in this work. They include an isotropic and constant charge
carrier mobility, single-carrier transport (i.e. only electrons), low intrinsic charge
carrier density and negligible contact resistance.
2.1.3 Injection and Doping
In any semiconductor device or circuit, a contact between a metal and a semicon-
ductor is needed. In general this results in a Schottky contact, where the difference
between the work function of the metal and the electron affinity (n-type) or ioniza-
tion energy (p-type) of the semiconductor defines the Schottky barrier height ΦB.
For positive values of ΦB a Schottky diode is formed, otherwise an ohmic contact is
predicted. While this model is easy to understand, it is not sufficient in most realis-
tic cases, because of energetic states forming at the metal-semiconductor interface.
Charge carriers trapped in such states create a field that increases the injection bar-
rier to values well above the thermal energy kBT for many material combinations,
making it improbable for charge carriers to overcome or tunnel through the barrier.
While the effective barrier is lowered by the Schottky effect once an external electric
field is applied to the device [15], an efficient injection can only be achieved for
certain material combinations, severely limiting the freedom in device design and
leading to sometimes disadvantageous side effects. One example is the use of Cal-
cium as an electrode material with excellent electron injection properties into many
organic materials due to its low work function [16], which is accompanied by rapid
degradation upon water ingress, because a low-work-function metal is also readily
oxidized.
An elegant way to overcome the injection limitation at the metal-semiconductor
interface is contact doping, which has been successfully applied in inorganic as well
as in organic semiconductors [17]. An n-dopant is a material that has its HOMO
level higher than the LUMO level of the surrounding host material. Electrons from
the dopant HOMO will relax into the LUMO of the host, thereby populating the
13
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Figure 2.6: Schematic illustration of the doping process in an organic semicon-
ductor. In p-doing an electron is accepted from the HOMO level of
the host material, while in n-doping an electron in donated to the
LUMO level of the host. Image adapted from [18].
conduction level and increasing the charge carrier density in the material. Vice-versa
a p-dopant has a LUMO lower than HOMO of its host and hence opens up holes in
the HOMO of the host by accepting electrons from there, as illustrated in Figure 2.6.
Doping can be used to increase the conductivity of a semiconductor, to create pn-
junctions with their various applications like solar cells and light-emitting diodes or
for contact engineering. By increasing the charge carrier concentration at the metal-
semiconductor contact, the depletion zone of the Schottky diode is reduced in space.
This increases the tunneling probability for charge carriers across the barrier and can
lead to an efficient ohmic contact. Such a tunneling contact is mostly independent
from the choice of electrode material, because the energy barrier at the interface
no longer has to be overcome by the charge carriers. Efficient contacts with low
contact resistance can be achieved, which is vital for modern high-speed thin-film
transistors, since contact resistance is often the limiting factor for the transition
frequency of such devices [19, 20]. The OPBTs used in this work rely on the n-
dopant W2(hpp)4 to assure good electron injection from the emitter electrode. The
chemical structure of W2(hpp)2 can be seen in Figure 2.7. The molecule has an
extremely low ionization potential around 3 eV, which is about 1 eV closer to the
vacuum energy than the LUMO of C60 [21].
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2.2 Organic Transistors
The Organic Permeable Base Transistor investigated in this work is a rather exotic
kind of transistor. Conventional transistors used in computers are inorganic metal-
oxide-semiconductor field-effect transistors (MOSFET), which consist of a lateral
structure implanted in a silicon wafer by precise doping and a metal gate electrode.
Most organic transistors are lateral organic field-effect transistors (OFET), which
are of a very similar structure as their inorganic antetypes, but with significant
differences in the layer stack and the fundamental mechanisms of charge transport
modulation. A special case of organic field-effect transistors are vertical organic field
effect transistors (VOFET), which can achieve significantly shorter channel lengths
than the lateral ones. The inorganic bipolar-junction transistor (BJT), which was
invented by William Shockley in 1948 [22] still does not have an organic counterpart,
while its predecessor, the vacuum-tube, can be seen in analogy to the OPBT.
The naming convention in inorganic transistors is different for BJTs than for
FETs and for organic devices the wording of their respective counterpart is used.
Figure 2.8 shows the basic structures with their labels and the following sections
will explain different types of organic transistors.
2.2.1 Organic Field-Effect Transistors (OFET)
Organic Field-Effect Transistors (OFETs) as depicted in Figure 2.8 (c) are the most
widely investigated type of organic transistor. This section will introduce important
quantities for the characterization of OFETs and organic transistors in general.
The wide use of OFETs in research is due to their similarity in device structure to
established inorganic field-effect transistors, their good production yield potentially
close to 100%, their relatively facile manufacturing, at least for medium performance
samples, and their good coherence to model systems, allowing for the extraction of
16
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Figure 2.8: Comparison of the basic structures for different transistor concepts.
a) and b) show the inorganic metal-oxide-semiconductor field-effect
transistor (MOSFET) and the bipolar-junction transistor (BJT), c)
and d) show the organic field-effect transistors in lateral or verti-
cal layout ((V)OFET) and the organic permeable base transistor
(OPBT). The OFET is in clear analogy to the inorganic FET. The
OPBT shares the concept with the BJT that charge carriers have to
physically pass through a central layer on their way to the device.
The OPBT and the BJT therefore share the naming convention for
the three electrodes. The emitter corresponds to the source, the
collector to the drain and the base and the gate are the modulating
electrodes.
charge carrier mobility values. These advantages have resulted in impressive example
applications, as shown in Figure 2.9.
As in any kind of field-effect device there is no direct electrical contact between
the gate electrode and the conductive channel of the device. Instead, the modu-
lation of the transistor’s conductivity is caused by an electric field across the gate
oxide layer. The device geometry results in a capacitance between the gate and
the source electrode. During operation of the transistor a fixed driving voltage is
applied between source and drain. If an additional gate-source voltage is applied,
the field causes a charging of the gate-source capacitance, which is equivalent to a
charge accumulation at the interface between gate-oxide and semiconductor. The
consequently increased charge carrier density results in a higher conductivity in the
semiconductor close to the interface. Hence a conductive channel is formed and the
source-drain voltage VDS drives a current.
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Figure 2.9: An impressive application of OFETs has been demonstrated al-
ready one and a half decades ago by Gelinck et al. [23]. A flexible
e-ink display is driven by a matrix of 1.888 pentacene OFETs at
a frequency in the kHz range. The entire device is processed on a
flexible substrate to allow bending down to a radius of 1 cm. The
image is a section taken from the original publication.
In this basic picture, the conductivity modulation in OFETs would start at a
gate-source voltage of 0 V, with the conductivity increasing with every charge car-
rier accumulated at the oxide surface. This situation would be described by a
threshold voltage Vth of 0 V. The threshold voltage is a term inherited from inor-
ganic MOSFETs, but not a clearly defined physical quantity in a disordered organic
transistor [24]. It denotes the opening of a full conductive path between source
and drain. In an inorganic MOSFET this is clearly defined, because the transistor
operates in the inversion regime, which is not present without an applied gate field.
In an OFET on the other hand, there is always some (very small) conductivity be-
tween source and drain and it is gradually increased with the gate voltage. In reality
though, most OFETs exhibit a threshold voltage significantly different from 0 V, as
pointed out by Horowitz et al. [25]. Below the threshold voltage there is a switch-on
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voltage up to which the drain-current ID is equal to the off-current, hence very low.
At the switch-on voltage the gate potential levels out any fixed charges that hinder
charge-transport in the channel [24]. In the transfer curve shown in Figure 2.10, the
switch-on voltage is at about 0.6 V. After that, an exponential regime starts with
ID ∝ eVGS that is characterized by the subthreshold swing quantifying the steepness
of the current rise. Around the threshold voltage, the subthreshold regime ends and










with the charge carrier mobility µ, the capacitance of the gate dielectric Cd and the
geometrical width W and length L of the transistor channel [26]. As the drain-source
voltage becomes larger than the gate-source-voltage reduced by Vth, the current




(VGS − Vth)2 . (2.8)
DC characterization
In a direct-current (DC) or low frequency measurement, all important quantities to
characterize an OFET can be extracted from the transfer curve and the output char-
acteristic as shown in Figure 2.10. Table 2.1 gives an overview and an explanation
of these quantities.
AC characterization
In many applications transistors are driven at elevated frequencies in order to achieve
fast operation (i.e. in a logic circuit) or electro-magnetism at a certain frequency
(i.e. in an RFID tag). When a transistor is switched from its on-state to the off-state
or vice-versa, the capacitance of the device has to be charged or discharged. This
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Figure 2.10: OFETs with optimized structure can show large on/off ratios,
steep subthreshold slopes and minuscule gate leakage current. a)
Optimized OFET stack featuring self-assembled monolayers to
support charge carrier injection (PFBT) and gate oxide passiva-
tion (alkylphosphonic acid) as designed by Borchert et al. [29]. (b)
Resulting transfer curve with transistor characteristics. The gate
current is low, the on/off ratio is large (106) and the subthreshold
is steep (67 mV/dec), while the operating voltage is comparable
to inorganic transistors. (c) output characteristic with a clear
transition from the linear to saturation regime. All images taken
from the original publication.
process takes a certain amount of time determined by the charge carrier mobility and
the value of the capacitance. Charges flowing in and out of the capacitance create
an imaginary gate current that is not transmitted to the drain, hence reducing
the current gain. When the current gain is reduced to 1, the transistor looses its
functionality, since it no longer amplifies a current. The frequency at this point,
named the transition frequency ft, is hence the highest usable frequency the device
supports. The dependence of the transition frequency on the device geometry and






with the transconductance gm being proportional to the mobility and the inverse
channel length and CG denoting the gate capacitance including overlap capacitances.
At low channel lengths, the contact resistance becomes increasingly important and
may be limiting the charge transport through the device. This is accounted for by
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Figure 2.11: Current gain vs. frequency in the fasted OFETs reported to date.
The transition frequency ft is defined as the frequency at unity
current gain. (a) Shows C60 OFETs, (b) shows pentacene OFETs
with slightly lower frequencies due to a lower charge carrier mo-
bility. In both systems the frequency is shown to increase with
smaller channel length. Image taken from the original publication
by Kitamura and Arakawa [30].
a reduced effective charge carrier mobility in the above equation, and hence leads
to limitation of the transition frequency [19]. Figure 2.11 shows current gain vs.
frequency plots for the fastest OFETs reported so far. Even higher transition fre-
quencies have only been achieved with vertical device structure that will be described
in the following.
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Table 2.1: Overview and explanation of quantities used for the DC characteri-
zation of OFETs
Quantity Unit Explanation
On/off ratio - The ratio of current in the on-state to current in
the off-state. The on/off-ratio is a measure of the
ability of the transistor to modulate the current by
the gate field. It is a function of the drain-source
voltage in short-channel devices.
Subthreshold
swing
mV/dec Quantifies how fast the current raises in the ex-
ponential regime. It counts how much voltage is
needed to increase the current by one order of mag-
nitude (i.e. one decade). In an ideal case the sub-
threshold swing at room temperature is equal to
60 mV/decade and it increases linearly with the
interface trap concentration that will be present
in a real device [26]. While values close to the
theoretical limit for the subthreshold swing can be
achieved [29], values in the range of V/decade can
frequently be found in literature [27, 28].
Transconductance S Derivative of the drain current with respect to the
gate-source voltage. The transconductance is a
measure of the steepness of transfer curve simi-
lar to the subthreshold swing, but defined on the
entire curve. It is proportional to the transition




cm2/Vs Drift speed of a charge carrier in the material when
an external electric field is applied. Drain current
and transconductance scale linearly with the mo-
bility. It can be extracted from the transfer curve
using Equations 2.7 and 2.8.
Current gain - Ratio of the drain current to the gate current. The
current gain is infinite in an ideal field effect tran-
sistor, because there is no gate current. In real




- Ratio of charge carriers transmitted through the
channel to those emitted at the source. In equilib-
rium it is directly connected to the current gain,
because all charge carriers leaving the source will
reach the drain unless they leak into the gate.
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2.2.2 Vertical OFETs
As can be seen from Equation 2.8, the current an OFET can drive depends linearly
on its channel length. In a standard lateral OFET, downscaling of this parameter is
limited by the resolution of the respective structuring technique. This can be vacuum
deposition with shadow masks, printing or lithography. With reasonable effort,
channel lengths of 1 µm can be achieved in a lateral layout [31]. Vertical devices
overcome this limitation by using the thickness of a layer to define the channel. Layer
thickness can easily be controlled in the nanometer range by vacuum deposition and
in the 10 nm range for solution processed films. Due to the physics of film formation,
a minimum thickness is required to avoid shunts across the device [32]. Typical
VOFET channel lengths are in the range of 50 nm to 100 nm [31, 33], hence more
then an order of magnitude smaller than lateral OFETs. This results in a higher
on-current density, which is beneficial for applications that require a certain current
level, like display driving, and at the same time also helps to increase the switching
speed of devices, since the device capacitance can be charged more rapidly with
a higher current, as long as detrimental short channel effects do not degrade the
performance too much. But the VOFET is not simply a high-current OFET flipped
by 90◦, since the gate electrode in such a device is no longer parallel to source and
drain. Hence the resulting field distribution is significantly more complex, as has
been discussed in literature in recent years [31, 34].
While vertical transistors have relatively low requirements on lateral structur-
ing techniques, there is still a need to align electrodes and create the desired de-
vice structure. This can be done by the conventional methods of printing [34],
shadow masks [17] or lithography [35], but also innovative techniques like step-edge
VOFETs [36] and self-aligned structures have been proposed [37]. Another inter-
esting trait of vertical transistors is, that they can readily be integrated with other
vertical thin-film devices such as OLEDs or organic solar cells [38, 39]. An exam-
ple for such an integration can be seen in Figure 2.12, where an OLED pixel is
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Figure 2.12: Layer stack and photograph of a vertical OFET with porous
source electrode integrated with an organic LED as shown by Yu
et al. in [39].
directly driven by a vertical OFET in a porous source configuration (see Organic
Schottky-Barrier Transistors in Section 2.2.4).
Electrolyte Gated Vertical Organic Field-Effect Transistors
In a vertical OFET structure, the gate electrode is no longer parallel to the transistor
channel. Hence it is less obvious that charge accumulation along the channel can be
achieved by the gate electric field. This problem can be effectively circumvented by
using an electrolyte as the gate. The transistor is then fully emerged in the gate,
giving the gate field three-dimensional access to the semiconductor, as shown in
24
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Figure 2.13: Device Structure of an electrolyte gated vertical organic field-
effect transistor. In this example the semiconductor is a porous
polymer that allows the electrolyte to penetrate the 3D-structure.
Image taken from [34].
Figure 2.13. At the interface between dielectric and semiconductor a large double
layer capacitance is formed.
The large gate capacitance achieved with such a concept results in extremely
high current densities in the transistor, because a large charge carrier accumula-
tion can be created. Current densities of the order of MA/cm2 have recently been
shown [34, 40], many orders of magnitude above the current densities achieved in
regular OFETs. A corresponding transfer curve is shown in Figure 2.14. Electrolyte
gated VOFETs show current densities and on/off-ratios comparable to commer-
cialized inorganic FETs at low operating voltages and are hence interesting for a
variety of applications including artificial neural networks [40]. Their drawback is
the comparably slow device operation because of the large capacitance and the slow
movement of ions in the gate electrolyte, making electrolyte gated VOFETs less
suitable for high-frequency applications. The following section will introduce the
OPBT that combines the full-area channel with fast a electronic gate.
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Figure 2.14: Structure and transfer curve of an electrolyte gated vertical or-
ganic field-effect transistor published by Lenz et al. in 2019 [40].
The vertical channel of 40 nm of the polymer PDPP (labeled
“OSC“) and the electrolyte gate of an ionic liquid ([EMIM][TFSI])
allow for extremely high current densities in the MA/cm2 range,
while the off-current remains low. While they are not suitable
for high-frequency applications, because they rely on slow ion dif-
fusion processes, electrolyte gated VOFETs can drive very large
currents and exhibit excellent gate control. Images compiled from
the original publication.
2.2.3 Organic Permeable Base Transistors (OPBT)
Device Concept
The Organic Permeable Base Transistor is the main subject of this work. It is built
up in a similar way as the porous source VOFET shown in the previous section,
but with the modulating electrode moved to center of the vertical device stack.
The device concept is rather similar to a vacuum tube triode and has first been
applied to semiconductors by the Nobel Prize laureate William Shockley Jr. in
1952. The adaption to organic semiconductors was achieved by Yang and Heeger in
1994 [41] and Fujimoto et al. in 2005 [42]. In comparison to the OFET, which was
first reported by Koezuka et al. in 1987 [43], the OPBT is still a young transistor
concept. Figure 2.15 shows a simplified OPBT stack and its historic predecessors.
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Figure 2.15: Development from the vacuum triode (a), to the first proposal of
an inorganic semiconductor triode by Shockley (b), to the Organic
Permeable Base Transistor (c). All three device concepts have
in common that a space-charge limited current travels from an
emitting to a collecting electrode and is modulated by a potential
applied to a grid-like electrode physically placed in between the
emitter and collector. Main difference is the medium between the
electrodes, being no medium in the case of the vacuum triode,
intrinsic Germanium as proposed by Shockley and an intrinsic
organic semiconductor (i.e. C60) in the OPBT.
Images: (a) By Wikimedia Commons user Svjo under CC-BY-SA
3.0 license, (b) Shockley 1952 [44], (c) Lüssem 2015 [45].
27
2.2 Organic Transistors 2 Fundamentals
The OPBT is built up in a face-to-face stack of three electrodes, as shown in
Figure 2.8 (d). Charge carriers traveling from the emitter to the collector electrode
have to pass the central base electrode. As the name suggests, this is possible,
because the base is permeable for electrons via tiny pinholes with diameters in the
range of 3 to 5 nm that exist in this electrode. The base electrode consits of a
metal, usually aluminum, which is conductive and would cause an undesired leakage
current between emitter and base. A similar leakage path is possible for charge
carriers injected from the base and traveling to the collector. To prevent such
leakage, the base metal needs to be passivated by an oxide layer, which is created
by exposure of the base to an oxidizing agent during the fabrication. The quality
of this oxide layer and the size and number of pinholes are vital parameters for the
device performance.
The OPBT shares the main advantages of the vertical OFETs described in the
previous section, namely the low requirements on the lateral structuring technique,
the short channel length and as a result very high on-state current densities of up to 1
kA/cm2 [46]. The high current-density in an OPBT makes it possible to very rapidly
charge and discharge the capacitance created by the large electrode overlap in the
device stack, leading to very fast switching speeds in the device. In fact, the OPBT
holds the world record for published transition frequency in organic transistors at
present [47].
Device Structure and Performance
Figure 2.16 shows a full device stack of an OPBT as it used in this work. Apart from
the already explained electrodes and the semiconductor layers, some optimizations
are visible that are the result of research effort in recent years. There is a doped
injection layer that creates an ohmic contact between the emitter electrode and
the semiconductor as explained in Section 2.1.3. The insulator indicated in green in
Figure 2.16 (a) is structured to leave an opening where three electrodes of the device
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Figure 2.16 (b) shows a typical transfer curve of an OPBT with a standard active
area of 5 · 10−5 cm2. The semiconductor used is the n-type semiconductor C60 and
the dopant is W2(hpp)4 (Ditungsten-tetra(hexahydropyrimidopyrimidine)), both of
which are the usual choice for n-type OPBTs. With an on-state current larger than
1 mA, the current density exceeds 1 A/cm2 at a very low operation voltage of 1 V.
The base current IB, which is considered an undesired leakage, is generally relatively
high in OPBTs and is often found to be about two orders of magnitude below the
collector- and emitter currents (IC and IE, respectively). A good measure for the











for IB << IC [49]. (2.10)
The transmission factor specifies how large of a portion of injected charge carriers is
actually transmitted through the device and reaches the collector electrode. With a
base current two orders of magnitude below the collector current, the transmission
factor already reaches a value of 99%. This is impressive when considering that
every charge carrier has to find a pinhole in the base electrode in order to contribute
to the transmission current, rather than to relax into the base metal at a void of the
oxide layer.
Frequency Record
Recent measurement by Kheradmand-Boroujeni et al. show the OPBT to be the cur-
rently fastest organic transistor with a transition frequency of 40 MHz [47]. The very
high current densities in combination with relatively low capacitances in the OPBT
facilitate the fast device operation. As can be seen from Equation 2.9, the charge
carrier mobility has a major impact on the transition frequency. Since the devices
investigated by Kheradmand-Boroujeni et al. show a low mobility of 0.06 cm2/Vs,
significantly higher frequencies may be possible, if a material with high vertical
mobility can be incorporated in an OPBT.
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Device Operation
The high transmission factors in OPBTs can be explained by drift-diffusion simula-
tions shown in Figure 2.17. They reveal that a strong charge carrier accumulation
occurs in front of the base dielectric as the base-emitter voltage VBE increases. Con-
sequently the high charge carrier density results in a highly conductive channel close
to the base electrode. Driven by the density gradient created by the accumulation,
charge carriers diffuse laterally until they reach a pinhole. Since the conductivity of
the intrinsic (= undoped) semiconductor layers is low and bound to the space-charge
limitation, charges are not readily removed from the collector-side of pinhole, but
rather an accumulation layer is also created there (compare Figure 2.17 (b)). In the
result, highly conductive areas around the base oxide layer facilitate charge carrier
transport to and from the pinholes in such an effective manner, that a space-charge
limited current can be reached in the semiconductor over the entire device area, as
shown by Klinger et al. [46]. Hence the pinholes in the base layer anti-intuitively do
not prove to be a bottleneck for charge carrier transport. It can further be shown
that a separate space-charge limited current builds up in the upper (emitter-base)
half and the lower (base-collector) half of the device, with the accumulation layer at
the base acting like a conductive electrode. Since the current in each of these space-
charge limited sections scales with the cube of their respective length, as shown in
Equation 2.6, the current density in an OPBT can be dramatically increased by
optimizing the semiconductor layer thickness. Lower limits are given by problems
with shunts between either of the three electrodes, that occur at low semiconductor
thicknesses.
2.2.4 Other Vertical Organic Transistors
Several vertical transistor designs have been proposed in order to overcome the
downscaling limitations discussed in Section 2.2.2. While most of them can be cat-
egorized as vertical OFETs, some do differ from the concept of current modulation
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Figure 2.17: Results of 3D drift-diffusion simulations on the device operation
of OPBTs published by Kaschura et al. [50]. (a) shows a transfer
curve obtained from the simulation. The curve is divided into
three parts, where I denotes the exponential regime, III is the
saturation regime and II marks a transition between I and III.
(b) and (c) show the electron density and the electric potential
through a repetition cell of the transistor in the three regimes. Top
and bottom are the emitter and collector electrodes, respectively,
and the bottleneck in the center models a pinhole in the base
electrode.
solely induced by the electric gate field. In the following the Organic Electrochemical
Transistor (OECT), the Space-Charge Limited Transistor (SCLT) and the Organic
Schottky-Barrier Transistor (OSBT) will be introduced.
Actively Structured Space-Charge Limited Transistors
As explained above, OPBTs can drive a space-charge limited current through the
native nano-holes in the base. It is also possible to create space-charge limited tran-
sistors (SCLTs) by active structuring methods. This is done by nanoimprinting [51],
laser holography [52] or with the use of polymer nanospheres that create a mask for
the base metal deposition, as shown in Figure 2.18 [53–55]. The device operation
remains very similar to that of an OPBT. Differences are of a technical nature:
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 The passivating oxide layer around the base electrode of an actively structured
SCLT is formed during the etching process and can hence be of a good and
well-controlled quality without further optimizations.
 In an actively structured SCLT only one semiconductor deposition step is
needed. As can be seen in Figure 2.18 (f), it can be difficult to sufficiently fill
the holes with semiconductor material.
 The pinholes created by the structuring process in an actively structured SCLT
are much larger (≈ 100 nm) than those in the base layer of an OPBT (≈ 5 nm).
This can lead to an increased off-state current.
 The active area of the semiconductor between base and collector in an actively
structured SCLT is strongly reduced by the insulator. This can reduce the on-
state current compared to an OPBT.
Organic Schottky Barrier Transistors
Organic Schottky Barrier Transistors (OSBTs) rely on an energy barrier at the
interface between the source electrode and the organic semiconductor to prevent a
current flow in the off-state. In order to turn the device on, the gate field is used
to lower the injection barrier. Since the gate electrode is located under the source
electrode, the source electrode layer needs to be porous to avoid a strong shielding
of the gate field. Several methods have been proposed for the fabrication of such a
porous source electrode, which are partly similar to those used in SCLTs. Here the
OSBT is at an advantage, because the porous source electrode does not necessary
have to been uniform, since local variations in pore-size will not cause an undesired
leakage current, as would be the case in an SCLT. A device stack employing carbon-
nanotubes to form the source electrode is shown in Figure 2.19.
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Figure 2.18: Fabrication of a Space-Charge Limited Transistor. An electrode,
ITO in this case, is covered with a polymer insulator. Nanospheres
on the surface intentionally create holes in the vacuum deposited
base electrode. After removal of the nanospheres, an etching pro-
cess is applied to expose the bottom electrode under the holes. Fi-
nally an organic semiconductor and a top electrode are deposited.
SEM images show the structure of the base electrode and the
semiconductor layer. Image compilation taken from [53].
Figure 2.19: Device stack of an Organic Schottky Barrier Transistor employ-
ing a doped single-wall-carbon-nanotube (SWNT) network as the
source electrode as published by Liu et al. in 2008. The porous
source electrode allows the gate electric field to reach the interface
between source and the polymer semiconductor, hence facilitat-
ing an injection barrier modulation with the gate voltage. Image
taken from [56].
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2.3 Thin-Film Passive Devices
A major advantage of organic electronic devices over the traditional silicon semi-
conductor technology is the possibility for easy integration of organic electronics
on flexible, low-cost polymer substrates. Such a circuit requires not only active
electronic devices such as transistors, diodes or sensors, but also passive devices
like capacitors, inductors and resistors. Ideally production steps anyway needed for
active devices should be used to create passive devices in the necessary parame-
ter range without adding much complexity to the manufacturing. In the following
the basic physics of thin-film devices and challenges relevant to their design will be
described.
2.3.1 Conductors and Resistors
Depending on the circuit, a huge range of conductivities may have to be covered
from low-ohmic interconnects to resistors of several hundred kΩ. On the high-
conductivity side, the physicists answer to the problem is easy: The more highly
conductive metal can be deposited, the better. Constraints in production will put
some limits to this easy answer:
 Vacuum deposition of metals is often limited to a few nanometers per second,
making the production of thick metal layers slow and expensive.
 Solution processable metals in form of nanoparticles need to be cured at el-
evated temperatures, which may not be acceptable for organic substrates or
semiconductors.
 The lateral resolution of the deposition method needs to fulfill the requirements
of the circuit design.
Resistors in a circuit can be realized by intentionally employing higher ohmic in-
terconnects. This may be an extended thin metal film or less conductive materi-
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als such as the conductive polymer PEDOT:PSS (poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate). Unfortunately, the gap in conductivity between metals (i.e.
aluminum 3.8·105 S/cm) and highly conductive polymers (PEDOT:PSS≈ 103 S/cm [57,
58]) is quite large, so the deposition method needs to allow for a variation in aspect
ratio and thickness of the materials of at least two orders of magnitude. A high
aspect ratio can be achieved using meander structures, but care has to be taken not
to introduce inductive effects, if the circuit is to be driven at high frequencies. When
low thicknesses of metal films are used, a strong non-linearity of conductivity over
film-thickness around the point-of-percolation has to be taken into account [32].
2.3.2 Capacitors
Flexible thin-film capacitors are needed for high-frequency circuits, as well as for
flexible display backplanes [59]. They can be realized in a parallel plate-capacitor





The capacity C scales linearly with the area A, the inverse thickness 1
d
and the rela-
tive permittivity εr, also referred to as dielectric constant. The vacuum permittivity
is denoted as ε0. If needed, several capacitors may be stacked on top of each other to
increase the effective device area. Apart from the total capacitance the main figure
of merit for a thin-film capacitor is the breakthrough voltage Vbreak, which needs to
be comfortably larger than the maximum operation voltage of the circuit. Vbreak is
given by the dielectric strength of the insulator material multiplied by its thickness,
as long as smooth electrodes can be assumed. Roughness or spikes in the electrode
layers will reduce Vbreak, because the minimal device thickness is reduced.
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Spin-coating
Vacuum deposition of flexible insulating layers for capacitors can be difficult, because
of limitations in layer thickness and because most strong dielectrics are long polymer-
chains that are too heavy for vacuum evaporation. A facile lab-scale deposition
method for polymers is spin-coating from solution. For large scale production spin-
coating can be replaced by roll-to-roll compatible methods such as blade- or spray-
coating. As long as the evaporation of the solvent during spinning is negligible, the
thickness d of the spin-coated film can be adjusted via the viscosity of the solution η
and the spinning parameters speed n and time ts. The influence of each parameter









Most oscillating circuits, such as radio-transmitters, require inductors as illustrated
in Figure 2.20. In a flexible thin-film environment they can be realized as flat in-
plane coils, possibly stacked in several layers. The main figure of merit for inductors





with the resonance frequency fr, the inductance L and the resistance R. A coil with
a high Q-factor will show a sharp response-peak at its resonance frequency and low
damping of the signal. Since the Q-factor scales linearly with the inverse of its ohmic
resistance, highly conductive materials need to be employed for thin-film inductors.
The aspect-ratio of an inductive coil is necessarily high to achieve a large number
of windings (i.e. 1000 if the coil is 100 mm long and 100 µm wide), hence vacuum-
evaporated metal films with sheet-resistances of the order of 1 Ω will result in large
resistance (i.e. 1 kΩ) and low Q-factor. Lower sheet-resistance that enables well-
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Figure 2.20: Schematics of a planar induction coil for a mechanically flexible
application. In (a) the coil design is visualized and (b) shows a
possible application in a local positioning system. Both images
taken from [63]
working coils can be achieved by deposition methods that produce thicker, but still
flexible metal films like flexible printed circuit boards that feature copper thicknesses
of several tens of micrometers (i.e. 17.5 µm in [62]). The resulting sheet-resistance
is lower than 1 mΩ , so the coil in the above example would have a total ohmic
resistance below 1 Ω.
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2.4 Flexible Electronics
Mechanical flexibility, stretchability and bendability are major promises of organic
electronic technology. Mechanical flexibility opens up new fields of application,
like smart-textiles, but also brings benefits in production, because devices can be
produced on roll-to-roll manufacturing lines, yielding virtually endless electronic
foils [64]. To a large extent, the promise of flexibility already has been fulfilled
for organic light emitting devices, with millions of flexible OLED-displays produced
in 2019 [65]. Complete integrated organic electronic circuits have been demon-
strated [66], but they are not yet being commercialized.
The materials used in most studies on organic electronic devices are inherently
flexible, like thin metal films and amorphous organic semiconductors, but for sub-
strates and encapsulation, rigid materials are common. The following sections will
give an overview over material choices for flexible substrates and encapsulation sys-
tems.
2.4.1 Flexible Substrates
Flexible substrates for organic electronics should be low-cost and light-weight, mak-
ing polymer films a natural choice. But a number of properties have to be taken into
account. The requirements of an individual circuit greatly depends on the device
designs employed. While lateral OFET circuits can be built on virtually any sub-
strate [67], smooth and stable surfaces are required for long-lived large-area OLED
devices [68]. Table 2.3 gives important substrate parameters along with values of
common substrate types. It can be seen that polymer substrates are less stable un-
der the influence of elevated temperatures than glass. This is usually not a problem,
because high temperatures do not occur in the processing of organic electronic de-
vices, since the semiconductor materials themselves have limited tolerance towards
heat. If a higher material cost is acceptable, flexible metal foils or extremely thin
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Table 2.3: Parameters of polymer substrates and comparison to glass.
Property Measured by Example
Smoothness Root-mean-square
(RMS) roughness
Planarized PEN (pPEN, polyethylene naph-
thalate): 1-10 nm [69],




















Wettablity Surface energy Polymers and glass << metal electrodes
Polymers: < 50 mJ
m2
, glass: 80 mJ
m2
,
metals: > 1000 mJ
m2
[73–75]
flexible glass can be options that outperform polymer substrates in almost every
aspect. Processing of flexible substrates can significantly more cost effective than
on rigid substrates, because a roll-to-roll process can be employed with continuous
production as opposed to a sheet-to-sheet approach that requires production pauses
to change the substrate. As will be explained in the following, flexible substrates
require additional coating or encapsulation steps. For an efficient production, these
have to be integrated into the roll-to-roll process, either as a coating step or by
lamination of a separate film [76].
2.4.2 Flexible Encapsulation
Organic electronic devices need to be protected from the detrimental influence of
ambient oxygen and water in order to attain reasonable lifetimes [77]. Rigid devices
can be encapsulated virtually perfectly under glass, but if polymer substrates are
used, additional measures need to be taken. The quality of an encapsulation can be
measured by the water vapor transmission rate (WVTR) in gH2O/m2·day. A low trans-
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Figure 2.21: Scanning electron microscope cross-section through a organic-
inorganic multilayer barrier coating with a WVTR of 2 ·
10−6gH2O/m2·day. Taken from [82].
mission rate of water molecules will in most cases coincide with a slow transmission of
oxygen, since water molecules are significantly smaller than oxygen. With WVTRs
in the range of 1 gH2O/m2·day, the permeability of plain polymer foils is several orders
of magnitude too high for effective encapsulation of organic electronic devices [77,
78]. This is especially important for organic transistors if n-doped semiconductors
are used, since n-type dopants are inherently prone to oxidation because of their low
ionization potential [79]. An encapsulation quality of the order of 10−6 gH2O/m2·day is
generally assumed in literature to be required for a lifetime of several years [77, 80,
81]. Hence excellent barrier coatings are required on the flexible substrate as well as
on top of the finished device. The flexibility of an encapsulation system is evaluated
by tracking the WVTR as the device is bent around a defined radius for a certain
number of times.
Barrier Coatings
Barrier coatings are applied to a flexible substrate in order to significantly improve
its barrier property against water and oxygen molecules. Most coatings include at
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Figure 2.22: Schematics of defect formation in a barrier coating caused by a
particle. Image adapted from [68]
least one inorganic layer to achieve low water vapor transmission rates, sometimes
a multilayer of organic and inorganic materials [80, 83–85], as can be seen in Fig-
ure 2.21. Since inorganic barrier materials are found to be inherently impermeable
for intruding moieties, the measured WVTR is a result of defects in the barrier film,
that can never be completely avoided [13, 68]. Such defects can have two reasons.
 Inherent voids in the barrier film: As mentioned above, the surface energy of
substrates is low compared to most inorganic coatings. Accordingly, barriers
grow in Volmer-Weber style and Ostwald ripening occurs, both leading to an
island-like growth of the first monolayers of the barrier film. This can result
in voids in the film that extent throughout the layer even as the film grows
thicker [86]. Mitigation of this effect can be achieved by adjusting the surface
energies of the substrate and the barrier coating (i.e. plasma-treatments and
the use of low-surface energy oxides as barrier films) and by the use of very
conformal deposition methods (i.e. Atomic Layer Deposition (ALD)).
 Defects or particles on the substrate: Scratches or particles on the substrate
can cause defects in the barrier film if they are not effectively covered by the
barrier material, or if they remove barrier material as depicted in Figure 2.22.
Countermeasures are cleanliness in production, cleaning of the film by tacky
rolls prior to deposition and additional planarizing polymer coatings.
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Top Encapsulation
Once the organic electronic device or circuit is deposited on a barrier-coated sub-
strate, it also needs encapsulation from above. Possible methods described in liter-
ature are:
 Thin-film encapsulation: If a coating technology is available, that will not
harm the electronic device, a second barrier film can be coated directly on
top of it. Possibly a second polymer film is laminated on top of the thin-film
encapsulation to protect from mechanical damage and direct exposure of the
barrier to ambient moisture [78].
 Lamination of a second barrier film: A second polymer film with a barrier
coating is laminated onto the substrate. It has to be taken care that glue
layers are thin to reduce lateral water diffusion. Also harm to the electronic
circuit either by materials it contains (i.e. organic solvents) or by mechanical
strain created during the curing of the glue has to be ruled out.
 A combination of the above to form a multilayer structure [87].
It may be a relevant technological challenge to integrate all active and passive devices
without any air-exposure before the top encapsulation is applied. It can hence be
helpful if devices can resist a short exposure to ambient air. If it is unavoidable to
expose a part of the device to air during production, a thorough heat-out step is
required to remove moisture gettered in the materials.
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2.5 Electrical Stability of Organic Transistors
A transistor is an electronic device with certain characteristics like threshold voltage
or current amplification, that determine at which voltage the device operates or how
much output current can be expected at a certain input. These characteristics are
the basis for circuit design that integrates the transistors in a functional assembly.
If any of these values defining the device change in hindsight, this will adversely
affect the circuit operation. It is hence important to asses how stable a transistor
operates under stress factors the device is exposed to. These are:
 Electrical current: Charge flow through the device during operation.
 Electrical potential: Voltages applied to the transistors electrodes, specifically
to the gate. Stress effects may occur even when there is no drain-source current
flow.
 Illumination: Strong light exposure, i.e. in a display backplane.
 Temperature: Heating by the external environment or by currents driven in
the circuit.
 Environmental moieties: Influence of oxidants that are not blocked by the
encapsulation.
Obviously a transistor can only be reasonably employed in a circuit, if it is stable
enough under the environmental conditions it is exposed to. Hence environmental
stability will be assumed to be given in this section and a focus will be put on
the changes in characteristics that occur under the influence of electrical potential
and current. However, it is still necessary to consider temperature and oxidizing
moieties, since they have been shown to enhance the effect of electrical stress in
some studies.
The effect of stress in a transistor can be clustered into four categories of different
severity as shown in Figure 2.23. A complete breakdown of the device can occur,
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Figure 2.23: Four categories of stress effects on thin-film transistors with ex-
amples. Depending on the device under test, stress effects given
as examples may also fall into a different category.
either if the conductivity of electrodes, contact doping or semiconductor is lost, or if
a shunt through the device is formed that undermines the current modulation of the
transistor. Such a failure marks a clear end of the lifetime of the device. Gradual
stress effects on the other hand slowly shift the device characteristics and an end of
lifetime has to set by an artificially defined threshold value. The European industry
norm EN 62373, for example, defines the lifetime of a transistor to end once the
current has dropped to 90% of its initial value or the threshold voltage has shifted
by more than 100 meV [88]. Figure 2.24 shows examples for both types of stress
effect. While a drop in on-current can have many reasons, like a gradual reduction
of the semiconductor conductivity or a diffusion of dopant molecules, it is often
observed that current drop and threshold voltage shift have the same origin, since
a shift of the threshold voltage will automatically result in a lower on-current if the
form of the transfer curve is unchanged [89]. The threshold voltage shift can, at least
in case of an OFET, be explained by charge trapping at the gate interface. The gate
voltage has to compensate for this additional charge and hence has to be increased
to a larger value in order to achieve the same effect in the channel. Charge carriers
can be trapped by interfacial trap states, but also diffusion of charged species into
the bulk of the dielectric material has been observed [90]. Once the stress condition
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is released, trapped charges can be released by thermal activation and the threshold
voltage can recover. Mitigation of bias-stressed induced threshold voltage shift is
possible by reducing the number of interfacial traps and by lowering the current
density in the transistor channel. This has been impressively demonstrated by Lin
et al., who have compared the bias-stress behavior of an OFET with a thin, high
charge carrier density channel to an SCLT that utilizes a large part of its footprint
area for current transport. By employing a self-assembled monolayer to minimize
trap-states in the SCLT they could attain a very stable device with less than 100 mV
in threshold voltage shift after several thousand seconds of on-state bias-stress [53].
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(a)
(b)
Figure 2.24: Examples for stress effect in organic field-effect transistors. (a)
Current drop over time. Taken from [91]. (b) Reversible threshold
voltage shift upon gate voltage bias. The threshold voltage recov-
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3.1 Sample Preparation
3.1.1 Substrates
For years, research on OPBTs at IAPP was only done on samples built on rigid glass
substrates. In this work, first bendable devices on flexible polymer substrates are
realized. Both, glass and polymer substrates, are obtained from industry suppliers
and used as-is or after an additional cleaning as will be described in the following.
Glass substrates
Glass substrates are borosilicate sheets by Schott AG (Germany) in a size of 15 cm x
15 cm. They are sub-divided into 36 sections of 2.5 cm x 2.5 cm subsequent to sample
fabrication. Pre-tests that do not require a full set of 36 samples, are conducted on
individual substrates of 2.5 cm x 2.5 cm. Prior to deposition a thorough cleaning of
the glass substrates is undertaken at a wet-bench in an ISO class 7 cleanroom:
1. Ultrasonic bath in N-Methyl-2-pyrrolidone (NMP) for 20 minutes
2. Rinsing with deionized water for 5 minutes
3. Ultrasonic bath in deionized water for 10 minutes
4. Ultrasonic bath in ethanol for 10 minutes
5. Spin-rinsing with deionized water and spin-drying
6. Ozon treatment in an ultraviolet-ozon system by UVOCS (USA) for 10 minutes
After the cleaning procedure, the substrate is kept in a cleaned polymer box and
transferred to the vacuum deposition chamber through an attached N2-glovebox
as fast as possible in order to preserve the enhanced surface energy after plasma
treatment. The exposure time to ambient cleanroom air after plasma treatment is
about 2 minutes in case the samples are deposited directly onto the glass substrate.
If a part of the glass is to be covered with a polymer substrate to produce flexible
50
3 Experimental 3.1 Sample Preparation
samples, the air exposure after plasma treatment is extended to 15 minutes in lab
atmosphere and 3 hours in a nitrogen filled glovebox.
Polymer substrates
Two kinds of polymers, polyethylene naphthalate (PEN) and polyimide (PI), are
employed as substrates in this work. Both are supplied as research samples in DIN
A4 sized sheets by their respective manufacturers and cut to size as needed. Some
relevant properties of the materials are mentioned in Table 2.3.
PEN substrates (Teonex PQA1) are made by DuPont Teijin Films (Japan). They
are 125 µm strong and equipped with a planarized surface, hence abbreviated pPEN
for planarized PEN. Also they come with protective liner on each of the two sides.
For sample deposition the pPEN substrate is taped onto a cleaned glass wafer in a
cleanroom using polyimide tape (69 µm, Tape 5413 by 3M, USA), after removing
the bottom protective liner, as shown in Figure 3.2. The top liner is only lifted
slightly to allow for the polyimide tape to stick. Then the wafer is transferred to an
oxygen- and water-free environment (high vacuum or N2-glovebox with O2 and H2O
levels below 0.1 ppm) and heated out for at least 2 hours at 80◦C. Directly before
the heat out starts, the top liner has to be removed, because it is not temperature
stable enough to withstand the process.
Polyimide substrates (Kapton 500 HN) are supplied by the Krempel Group (Germany).
They are equally 125 µm strong, but do not have protective liners. These substrates
are therefore cleaned in ultrasonic baths of ethanol and isopropanol and rinsed with
deionized water before they are attached to a glass wafer and heated out in the same
way as the pPEN substrates.
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Figure 3.2: Flexible OPBT samples on PI and PEN taped to a glass carrier
during production.
3.1.2 Vacuum Deposition
Organic materials as well as metal layers in OPBTs (see Figure 2.16 (a) for the
layer structure) are deposited by thermal vacuum deposition in a single chamber
tool (Kurt J. Lesker Company, USA). The concept of thermal vacuum deposition is
illustrated in Figure 3.3. One or more crucibles with material powder are heated in
a vacuum chamber, while the substrate is positioned vice-versa and behind a shadow
mask defining the structure that is to be deposited. Simultaneous heating of more
than one crucible allows for co-evaporation of materials, as is needed for the doped
injection layer in the OPBT. Metals can be evaporated very similarly from ceramic
or metallic evaporation boats. The thickness of the deposited layer can be measured
indirectly with a quartz crystal monitor. The resonance frequency of the quartz
changes as material is deposited on it. The ratio of deposition rates at the position
of the quartz crystal monitor and the substrate position is known from calibration.
Knowing the density of the respective material, the thickness of the deposited film
can be calculated and tracked over time.
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Figure 3.3: Schematics of thermal vacuum deposition. A crucible with the
material is heated. The material evaporates and is subsequently
deposited on the surfaces in the chamber, including the substrate.
A quartz crystal monitors the layer thickness and a shadow masks
defines the structure. The shutter is used to shield the substrate
from deposition before and after the intended deposition process.
High vacuum conditions in the chamber avoid interaction of the
evaporated material with air moieties. Image taken from [92].
3.1.3 Oxidation
A crucial step in the manufacturing of OPBTs is the oxidation of the base layer.
A tight oxide layer around the metal film of the base is needed in order to avoid
leakage currents. This oxide layer needs to passivate the base metal, but it should
not fill up the pinholes in the base that make it permeable for electrons and facilitate
the device function. Hence only a native oxide formation on the aluminum film can
be considered, while a separate deposition of an insulating material has to be ruled
out.
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Previous experiments had been carried out with oxygen introduced into the vac-
uum chamber to promote oxidation, but with no satisfactory results. Consequently
in this work most samples use oxidation in ambient air, which allows for reasonably
low current leakage. For enhanced and more controlled oxidation, electrochemical
anodization is applied to the base electrode.
Ambient Oxidation
For oxidation of the base layer in ambient air, the vacuum deposition process is
interrupted after the deposition of the base layer and the substrate is relocated
from the vacuum chamber into a nitrogen-filled glovebox. It is then loaded into the
antechamber of the glovebox, which is subsequently flooded with ambient air. The
substrate is allowed to oxidize for 15 min, before the antechamber is evacuated and
flushed with nitrogen. The flushing is repeated three times to minimize the amount
of residual oxygen, so that the substrate can be returned into the glovebox and
finally into the vacuum chamber, where all remaining layers are deposited without
further interruptions.
Anodization
As an alternative to ambient oxidation, the anodization technique is adapted to
OPBTs within this work. Anodization is a wet electrochemical process, where the
sample is objected to an acidic electrolyte and a voltage is applied between the base
electrode of the sample and a counter electrode in the electrolyte bath. For that the
OPBTs are taken out of the vacuum chamber after deposition of the base layer and
transferred to the anodization setup. Individual base electrodes are contacted with
clamps and a fixed voltage is applied by a source measurement unit (SMU Keithley
2400).
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Figure 3.4: (a) Anodization setup with a source measurement unit (SMU) for
voltage supply and the electrolyte bath with the sample and the alu-
minum counter electrode. (b) Development of the current through
the sample under anodization at different voltages. After a few
seconds a plateau is reached as the entire surface of the layer is
oxidized. Images adapted from the master thesis of Yang Li [93].
In order to avoid anodization of the collector electrode, it is made from gold in
anodization samples and a thin chromium layer is used to promote adhesion of the
gold to the substrate. A heating step is introduced before the oxidation to improve
adhesion of C60 to the electrodes. The full fabrication sequence for anodization
samples is as follows:
1. Chromium adhesion layer deposition (3 nm).
2. Gold collector electrode deposition (50 nm).
3. C60 semiconductor deposition.
4. Aluminum base electrode deposition.
5. Transfer of the sample from vacuum into the glovebox (N2).
6. Heating at 150◦C for 1 hour in the glovebox.
7. Transfer of the sample from the glovebox to ambient air.
8. Application of a protective polymer stripe to part of the contact pad of the
collector electrode.
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9. Anodization in 1 mM/L citric acid (2-hydroxypropane-1,2,3-tricarboxylic acid)
in deionized water. Anodization voltage 1 to 4 V.
10. Blow-drying of the sample.
11. Drying in medium vacuum (antechamber of the glovebox) for 30 minutes.
12. Reintroduction into the glovebox.
13. Heating at 150◦C for 30 minutes.
14. Reintroduction into the evaporation chamber.
15. Deposition of the remaining layers (top C60, indirect structuring, contact dop-
ing and emitter electrode).
In the 8th step a polymer film is applied to a part of the collector electrodes, as can be
seen in Figure 3.5 (a). It covers the area that is at the water level in the anodization
bath. This is required to avoid damage to the electrodes during anodization, because
of peaks in electric field strength that occur at the water surface. Most commonly a
simple nail polish polymer is used, but also removable films like a stripe of polyimide
tape have been tested successfully.
After anodization, a change in the base electrode can be observed by bare eye,
as shown in Figure 3.5 (b). The electrode becomes more transparent, because a
larger part of the metallic aluminum is turned into transparent aluminum oxide. As




Encapsulation of samples processed on glass substrates is done by gluing a cavity
glass onto the substrate around the active area of the devices. This technique can
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Figure 3.5: Photographs of samples exposed to anodization, before deposition
of the final layers (after step 9). Collector, bottom C60 layer and
base electrodes are present. (a) Entire sample after application of
the protective polymer stripe. (b) Active area of devices before
and after anodization at different voltages. A clear change in ap-
pearance confirms, that the oxide layer thickness, and hence the
thickness of the remaining opaque aluminum layer, is controlled by
the anodization voltage. Images taken by Yang Li and published
in [94].
also be applied to polymer substrates, but it is only effective as long as the polymer
substrate is coated with an efficient water-vapor barrier layer, because otherwise
water would diffuse into the sample through the substrate and the encapsulation
would be rendered useless. To attach the cavity glass a small amount of a UV-
curing glue (XNR5570, Nagase ChemteX Corporation, Japan) is applied before the
glass is positioned. The glue layer is kept as thin as possible (< 10 µm) to reduce
moisture diffusion paths. The glue is then cured by UV light from a mercury-vapor
lamp (wavelength 350 to 380 nm) for 3 minutes. The semiconductor area is shaded
from UV light in order to avoid damage to the devices. The water vapor transmission
rate of such an encapsulation is below the measurement limit of 10−6 gH2O/m2·day [13].
Atomic Layer Deposition
For flexible thin-film encapsulation as described in Section 2.4.2, aluminum oxide
layers from Atomic Layer Deposition (ALD) are used for top and bottom encapsu-
lation. The flexible substrate is attached to a glass carrier and introduced into a
plasma-enhanced ALD system (SI ALD LL, Sentech Instruments GmbH, Germany)
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through a glovebox with inert N2 atmosphere. Once introduced into the ALD vac-
uum chamber, the sample is heated to the deposition temperature of 120◦C. For the
deposition of a 20 nm AlOx film, 220 sequences of a monolayer deposition process
are repeated. Each consists of 4 steps:
1. 80 ms Trimethylaluminum (Al2(CH3)6, TMA) precursor pulse
2. 5000 ms N2 purge
3. 5000 ms Ozon from oxygen plasma
4. 2000 ms N2 purge
For top encapsulation, prior to ALD all contact pads are covered with polyimide
tape in a glovebox, in order to keep them free of insulating aluminum oxide.
3.1.5 Annealing
OPBTs require a thermal annealing step after production in order to achieve good
electron transmission rates. This is done on a hotplate at 120◦C to 150◦C for two
hours. Polymer samples are annealed in an N2 glovebox to prevent degradation,
while glass-encapsulated samples can be annealed in ambient atmosphere.
3.2 Characterization
3.2.1 Current-Voltage Measurement
Output and transfer curves are measured with a Keithley 4200-SCS Semiconductor
Characterization System in ambient atmosphere. The SCS has integrated SMUs, one
of which is connected to each of the three terminals of a transistor sample, so current
and voltage can be set and measured individually for each electrode. Contacting is
done with a custom made switch box, that uses relays to switch between the four
transistors on each substrate.
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For measurements in inert atmosphere, the SCS can be connected to a glovebox
via BNC feedthroughs. For other measurements, two SMUs (Keithley 2400, Keithley
2611A) connected to contacting pins inside a glovebox are used and controlled by
the software SweepMe! [95]. The emitter electrode is then set to the common ground
connector of both SMUs.
Temperature Dependence
Temperature dependent measurements are performed by connecting the SCS to a
custom built Peltier cryostat with a course vacuum chamber. The Peltier element
(Peltron GmbH, Germany) is driven by a temperature controller (HAT Control -
K10, BelektroniG GmbH, Germany) and controlled with the SweepMe! software.
A temperature range from 220 K to 330 K can be reached at an accuracy of 1 K.
Before any measurement the temperature is kept within a range of 1 K around the
set temperature for 60 seconds in order to assure stable conditions.
Sample Illumination
For illumination of transistor samples, three high power light emitting diodes (LEDs)
can be attached to the sample holder in the Peltier cryostat. A photodiode inside the
cryostat chamber provides an uncalibrated measurement of the light intensity. Both,
LEDs and photodiode are controlled with a dual channel SMU (Keithley 2602A)
and SweepMe!. To determine the absolute light intensity at the sample position,
the transistor sample is replaced by an organic solar cell with similar device layout
that was previously measured in a calibrated setup at one sun light intensity (AM
1.5G). A linear interpolation between the open circuit voltage of the solar cell in the
two setups gives a good estimate of the light intensity at the sample position in the
Peltier cryostat.
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3.2.2 Impedance Spectroscopy
Impedance spectroscopy is used to investigate the capacities in OPBT devices and
draw conclusions on the oxide thickness. A 4284A Precision LCR Meter by Hewlett
Packard (USA) is used, that can apply a small-signal AC voltage (usually 20 mV
root-mean-square) and a DC bias voltage up to 42 V. The analysis of the device’s
current response to a small-signal AC voltage of angular frequency ω leads to a
measurement of the magnitude of the impedance Z along with the phase φ of the






as long as the φ is reasonably close to -90◦, meaning that the device behaves like
a capacitor with the current lagging behind the voltage by a quarter of a period.
Capacity values are considered trustworthy, as long as the phase remains below -45◦.
The LCR Meter has only two terminals, so the investigation is limited to the top
or bottom diode (half device between base and emitter or collector, respectively)
of an OPBT. By applying a bias voltage, the diode can be measured in its off- or
on-state. In the off-state the C60 layer is not conductive, hence a capacitor is formed
between both electrodes, separated by oxide layer and semiconductor. In the on-
state the C60 conducts electrons to the base oxide layer, making the capacity across
the oxide accessible to the measurement.
3.2.3 Transmission Electron Microscopy
Cross-sections of OPBT devices on glass substrates and on polymer substrates are
cut by focused ion beam (FIB) and analyzed by transmission electron microscopy
(TEM) at the Leibniz-Institut für Polymerforschung Dresden by Michael Göbel and
Petr Formánek. For FIB cutting, the device encapsulation needs to be taken off
and the samples is exposed to ambient air. The device is covered with 30 nm of
60
3 Experimental 3.2 Characterization
platinum in an EM SCD500 sputter coater (Leica Microsystems GmbH, Germany)
and transferred to a NEON40 FIB (Carl Zeiss Microscopy GmbH, Germany), where
a lamella of 100 nm thickness is cut by a beam of focused gallium ions and lifted
onto a TEM grid. TEM measurements are performed in Libra 120 and Libra 200 de-
vices by Carl Zeiss Microscopy GmbH (Germany) at acceleration voltages of 120 kV
and 200 kV respectively. For elemental analysis the lamellas are transferred to a
Talos F200X (Thermo Fischer Scientific / FEI, USA) at the Institute of Ion Beam
Physics and Materials Research in Helmholz-Zentrum Dresden-Rossendorf. There
high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) and spectrum imaging based on energy dispersive X-ray (EDX) spectroscopy
are conducted. EDX data allows to reconstruct the elemental composition of the
sample with a sub-nm spatial resolution.
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4 Results – Flexible Devices
Flexible electronic circuits have been promised by the organic semiconductor com-
munity for many years and first flexible devices are now commercially available.
However industry is far from being able to translate every kind of circuit into a
flexible device. This chapter presents flexible solutions for every basic component
of a circuit, namely transistors, inductors, capacitors and resistors. Challenges in
device physics are identified and solved for each kind of component, with the main
focus on the active transistor devices.
4.1 Flexible Organic Permeable Base Transistors
The transfer of thin-film semiconductor technology from rigid substrates to flexible
polymer films is sometimes viewed as a merely technological step with little physics
background, as long as processing chemicals and temperatures are compatible with
the polymer film (i.e. [96]). This view ignores a number of important issues, as
this chapter will show. It summarizes my efforts to produce flexible OPBTs, details
challenges and physical effects met in the process. Finally, transfer characteristics of
well working bendable devices are presented, proving the concept of flexible OPBT
devices.
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Figure 4.1: Flexible OPBTs: a) on a PEN substrate without encapsulation,
b) on a PI substrate with ALD encapsulation and an additional
polymer film (PET) laminated on with an epoxy film to protect
the ALD layer from moisture induced degradation.
4.1.1 Material Choices and Encapsulation
As elaborated in Section 2.4, the fabrication of flexible devices requires a choice
of a suitable substrate material and an encapsulation method to protect devices
from ambient oxidizing agents. In this work, polyimide (PI) and polyethylene naph-
thalate (PEN) substrates are used with properties detailed in Section 3.1.1. Since
OPBTs require a thermal annealing step after deposition, it is of advantage to use
substrate materials with a high glass transition temperature and low thermal expan-
sion, making PI particularly favorable. PEN substrates are chosen, because they are
available with a protective liner, guaranteeing optimal cleanliness. On these sub-
strates OPBTs comprised of two electrodes above and below the C60 semiconductor
material and a central base electrode are deposited. Resulting devices are shown in
Figure 4.1.
ALD deposited encapsulation films are applied to some of the samples produced,
as described in Section 3.1.4. Since only few working flexible samples are obtained,
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no evaluation of the device lifetime under controlled climate conditions is possible,
yet. It can already be stated, though, that OPBTs can successfully be deposited
on top of a AlOx barrier layer and no detrimental effects of such an underlayer are
observed.
4.1.2 Shunts in Flexible Devices
Within every batch of OPBTs containing 144 devices, there are some deviations.
Nominally identical samples exhibit different characteristics due to inhomogeneities
in deposition, but also caused by statistical processes in thin film formation. A
proper statistical treatment of the fluctuations seems not feasible, because there are
large differences from batch to batch, hence a huge number of samples would be
required to obtain valid numbers. An estimated number for the yield of OPBTs
produced on glass substrates is 30%, with the most common failure being a leakage
of current from emitter to base, as shown in Figure 4.2 a). The yield drops to
about 5% when polymer substrates are used and many shunted devices are found,
corresponding to the transfer curve shown in Figure 4.2 b).
The reason for a shunt path in an OPBT device can be in the active area or
outside of it, if electrode pads are touching or if the base electrode is not properly
centered with respect to collector and emitter. Shunts outside the active area can be
easily detected or ruled out by optical microscopy. Since also flexible devices with
perfect electrode alignment show disproportionally many shunts, a cross-sectional
TEM scan of the active area is prepared and shown in Figure 4.3.
In the TEM scans, distortions in the bottom electrode are found that protrude
up to 50 nm into the first C60 layer. All consecutive layers follow the distorted
shape. Since the cross-sectional image integrates over a lamella thickness of 100 nm,
all electrodes appear to be closed layers in the image, but it can be expected that
a hole is formed in the thin base electrode directly above a bulge in the bottom
electrode. The diameter of such a hole is of the order of 50 nm, hence significantly
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200 nm
Figure 4.3: The cross-section through a flexible OPBT device on a PEN sub-
strate shows the formation of bulges on the bottom electrode (ar-
row). The distortion of the layer order extends through all consecu-
tive layers. Elementally resolved data on the right-hand side shows
aluminum protruding from the bottom electrode into the C60 layer.
TEM measurement done by Petr Formánek.
form of a hillock in the bottom electrode, suggesting that is present before other
layers are deposited.
Possible strategies to avoid hillock formation in OPBTs include the reduction of
temperature fluctuations and the use of an electrode material that is less prone to
Figure 4.4: a) Detailed TEM cross-sections of an aluminum thin film (i) at a
hillock, (ii) remote from a hillock. Figure reproduced from [97]. b)
Hillocks in thin-films are named after small mountains in nature
because of there similar form. Image by Wikimedia Commons user
ustill under CC BY-SA 2.0 de license.
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Figure 4.5: Flexible OPBT with gold electrodes on a PEN substrate.
hillock formation. While substrate cooling would be feasible, it is impossible to avoid
thermal stress during the mandatory post-processing annealing step. The change
of the electrode metal, on the other hand, is particularly easy in OPBTs, because
the work function of electrode metals is less relevant since contact doping assures
an ohmic charge carrier injection.
Consequently, devices are produced with 50 nm gold electrodes and a thin 3 nm
chromium layer to promote adhesion of the electrodes to the substrate, as can be
seen in Figure 4.5. Gold films are also known to produce hillocks when annealed
at high temperatures [98], but here an improvement is expected, since the thermal
expansion coefficient of gold is lower than that of the polymer films, which is in
contrast to the situation with aluminum.
In the result, the change of the electrode material reduces the amount of shunted
devices among flexible OPBT from about 50% to 4%, significantly increasing the
yield. Nevertheless, other failure mechanism as detailed above remain to be more
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Future research on flexible OPBTs may focus on applying the anodization method,
detailed in Chapter 5, to flexible devices. This technique allows for thicker base lay-
ers and more controlled processing conditions and therefor promises major advances
in the yield and comparability of OPBT samples.
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4.2 Flexible Passive Components
Flexible transistors that are to be used in a flexible circuit are only useful, if the
entire circuit can be of a flexible nature. This requires a flexible carrier as well
as flexible conductors and flexible passive components. Such components are resis-
tors, capacitors and inductors. Within the scope of this work, flexible stand-alone
components of each kind have been developed in thin-film technology.
4.2.1 Flexible Resistors
Thin-film resistors are a stretch of material with an electrical conductivity that is
low in comparison to the conductors used to integrate the circuit. Such a material
should be stable against changes of its conductivity by intrinsic degradation or
extrinsic influences like water or oxygen molecules. Possible choices include thin
metals, highly doped semiconductors, conducting polymers, or carbon nano-tubes.
This work concentrates on thin-metal resistors because they are stable and can
easily be produced by thermal evaporation and structured using shadow masks.
Figure 4.8: Sheet resistance over the thickness of an evaporated Al film on a
plasma-cleaned polyimide substrate. Chamber parameters and de-
position rate (1 Å/s) are kept constant. Data measured by Nikolay
Laypunov. Orange line is a guide to the eye.
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Figure 4.9: Meander structure
shadow mask for high
aspect-ratio. The
distance between two
meanders is 1 mm,
large enough to avoid
relevant inductive
effects.
Figure 4.10: A flexible Al resis-
tor device on a PEN
substrate. Film
thickness is 25 nm,
aspect ratio is 885
and the resulting re-
sistance is 5.7 kΩ.
Hence they do not require any technology that is not already available for the man-
ufacturing of flexible OPBTs. The conductivity of thin metal films is characterized
by the sheet-resistance quantified in Ω/. While the conductivity of a bulk metal
is linear to its thickness, the situation is more difficult for thin films [32]. The exact
thickness to conductivity relation is largely depended on the wetting behavior of the
first atomic layers of the metal on the substrate. Influential parameters are
 Surface energy of the substrate




 Distance of substrate to evaporator (substrate heating by thermal radiation)
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Keeping these parameters constant, a calibration curve of sheet resistance over
thickness is prepared, as can be seen in Figure 4.8. The thickness has to be under-
stood as a nominal thickness that would reflect the actual thickness only in case of
Frank-van-der-Merwe growth (monolayer by monolayer). Metals have a high sur-
face compared to polymer or glass substrates. Hence Volmer-Weber growth is likely
to occur, resulting in an island-like configuration of the thin-film and a roughened
layer. This explains the sharp drop of the sheet resistance in Figure 4.8 at 12 to
15 nm when the point of percolation is reached and a conductive path is formed
between the islands. Being able to control the sheet-resistance of a thin metal film,
a structuring method is needed to define the aspect-ratio of a resistor device. Here a
shadow mask (Figure 4.9) is used that allows for a meander structure with maximum
aspect-ratio of
177 mm/0.2 mm = 885.
At a sheet resistance of 15 Ω/ the resistance of such a device would be
885  · 15 Ω/ = 13.275 kΩ.
Figure 4.10 shows a flexible resistor on PEN with this structure and a resistance
of 5.7 kΩ (sheet resistance of 6.4 Ω/ at 25 nm on PEN). Impedance spectroscopy
measurements shown in Figure 4.11 go up to 1 MHz at -5 V to 5 V. They show a
purely resistive behavior (phase of 0 degree) without inductive or capacitive contri-
butions at a resistance of 5.7 kΩ. This type of metallic thin-film transistor is easy
to reliably produce and can be employed in flexible circuitry.
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Figure 4.12: Measured values of capacitors with an active area of 200 µm by
200 µm employing MgF2 and LiF salts as dielectric. The effective
dielectric constants result to 13.9 for MgF2 and 10.0 for LiF. De-
viations in capacity between samples on different substrates may
be due to non-uniform deposition.
Dielectric constants for MgF2 and LiF are given in literature as 5 and 9, re-
spectively, at room temperature and 1 MHz [100]. Measurements on the thin-film
capacitors result in higher values of 13.9 and 10.0, as calculated from the capacities
shown in Figure 4.12. This deviation may be due to additional capacitive effects at
interfaces between dielectric and the silver electrodes or water up-take of the unen-
capsulated samples. Unfortunately, the breakdown strength can not be confirmed
as expected in experiment. It is found to be 400 mV in the case of a 50 nm MgF2
sample and 300 mV for 50 nm of LiF. This is attributed to a presumed degradation
of the dielectric layers in contact with humidity. Since devices with a breakdown
voltage below 1 V can not be employed a circuit, the focus is shifted to more stable
polymer dielectrics.
4.2.3 Polymer Capacitors
For polymer capacitors, PMMA (Polymethylmethacrylate) is chosen as a dielectric
material for its facile processing, good availability and smooth surface formation.
It has a dielectric constant of 3.9 at 1 MHz [101] and a dielectric strength of the
order of several 100 kV/cm [61]. Accordingly, a dielectric thickness of a few µm is
expected to yield devices stable up to several tens of Volts as required in an electronic
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Figure 4.13: Flexible thin-film capacitor sample on a PEN substrate. Elec-
trodes are made from vacuum deposited silver and the dielectric
layer is a 1 µm strong PMMA layer (not visible, because it is
transparent).
circuit. Spin parameters are found as shown in Table 4.1. Devices are completed
with silver electrodes on glass- and PEN-substrates (Figure 4.13). Measurements
on three devices with 1 µm dielectric layers show breakdown stability up to at least
40 V and capacities of (120 ± 3) pF at an active area of 6.44 mm2. This result
corresponds to a relatively low effective dielectric constant of 2.1, which may be due
to a reduced density of the film obtained from solution processing.
Thin-film capacitors with PMMA dielectric are hence fit for integration into a
flexible circuit. Scaling can be done by variation of the device area or the dielectric
layer thickness.
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Table 4.1: Spin-coating parameters used to achieve a certain thickness of
PMMA (Polymethylmethacrylate) processed from a solution in
anisole. Spin-speed (2500 rpm) and spin-time (45 seconds) have a
minor influence on the resulting thickness. Experiments conducted
by Zheye Chen.
Film Concentration
Thickness (PMMA in anisole)
0.5 µm 60 mg/ml
1.0 µm 80 mg/ml
2.0 µm 100 mg/ml
3.0 µm 130 mg/ml
4.2.4 Flexible Inductors
High quality inductive coils depend on low ohmic resistance and can therefore not
be produced with thin-film coating techniques. As detailed in Section 2.3.3, flexible
printed circuit boards (flex-PCB) with several µm thick copper conductors can pro-
vide the high conductivity needed for good coils. In order to complete the portfolio
of flexible thin-film devices for this work, planar coils on flex-PCB are ordered from
a commercial manufacturer. Design and testing of the coils is done by Markus Hehn
at the Institute of Microwaves and Photonics (LHFT) in Erlangen. The coils are
produced in a rectangular layout, as shown in Figure 4.14. The low ohmic resistivity
of the printed copper windings result in a total resistance of the coil of R = 1.9 Ω and
a quality factor of Q = 38.0 at an inductivity of 11.5 µH [63]. The use of flex-PCB
technology hence results in high quality coils at the drawback that an additional
stand-alone device is obtained that would have to be integrated into a prospective
flexible device.
78
4 Results – Flexible Devices 4.2 Flexible Passive Components
Figure 4.14: Flexible coil on a flexible printed circuit board with an inorganic




5 Results – Anodization of the Base
Layer
OPBTs perform well, because they make use of two very favorable natural processes
forming the thin base layer. First the native formation of nano-holes and second
the passivation of the base electrode by a thin oxide film. While these processes
have helped to produce excellent devices with facile manufacturing, there is little
control over the parameters. This chapter introduces a novel production technique
for OPBTs that takes control of the base-passivation by electrochemically enhanced
oxidation.
5.1 Impact of Base Layer Passivation
The aluminum-oxide layer around the base electrode metal is vital to suppress leak-
age current in OPBTs. The current IB into the base electrode has to be reduced in
order to achieve low off-currents and a high transmission factor α, being the ratio
of transmitted current IT ≈ ICollector ≡ IC to the total emitter current IE [102].











for IB  IC (5.1)
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In state-of-the-art OPBTs, the oxide layer is formed by a brief exposure of the
device to ambient air during the deposition process. This procedure usually results
in transmission factors around α = 99.00%, meaning that IB is only two orders of
magnitude lower than IC which is unacceptable for circuits with low static power
consumption [48]. However, the same procedure has been employed to demonstrate
hero devices with α = 99.99% [103]. Hence, despite its appealing simplicity, this
fabrication procedure has strong limitations concerning leakage currents and de-
vice reproducibility which ultimately prevent OPBTs from being used in complex
electronic circuits.
5.2 Wet Chemical Anodization
In order to improve the quality of the passivating oxide film of the base electrode,
a wet electrochemical anodization process is introduced. With this technique the
electrochemical growth of the oxide can be controlled and dielectric properties of
the ultra-thin base electrode can be tuned. In literature there are descriptions of
successful use of anodization to improve the performance of lateral C60 based thin-
film transistors [104, 105], but these studies have not exposed the semiconductor
itself to the electrochemical process. In the following, it will be shown that it is
actually possible to use such a process on C60 while preserving the device function
and a high current density. At the same time, a tremendous reduction in base-leakage
current is achieved. Hence anodization renders the possibility to form tight and
robust oxide films and to fabricate high-performing OPBTs with ultra-low leakage
currents in a defined and reliable process.
Figure 5.1 shows an idealized device structure of a vertical OPBT with an an-
odized permeable base electrode. The actual structure of the prepared device can
be seen in a TEM cross-section in Figure 5.2. The formation of the anodized base
oxide layer depicted in the schematic image is precisely controlled by the anodiza-
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Figure 5.2: Applied voltages and electron flow illustrated on a cross-sectional
transmission electron microscope (TEM) image of an anodized
OPBT. The SiO insulator layer visible in this cross-sectional image
is not present in the active area of the transistor. It is applied to
insulate the emitter electrode outside of the active area.
in Figure 5.3. Quite impressively, the device structure, including the organic semi-
conductor material, is not severely damaged during the wet anodization process.
All devices show a reliable transistor behavior with on-currents greater than 300
mA/cm2 at a driving voltage of 1 V, comparable to OPBTs fabricated by dry oxi-
dation [107]. In the transfer curves, the on-currents and the leakage currents (base
currents) decrease with increasing anodizing potential (Figure 5.3 a). For anodizing
potentials of 2 V and 4 V, the base leakage current of OPBTs remains on the lowest
level within the measurement limit for large parts of the transfer curve. The device
with an anodization voltage of 2 V shows a transmission factor of 99.9996% at equal
collector-emitter and base-emitter voltages of 1 V, corresponding to a current gain
of 2.5·105. The base leakage current (10−10 A) is decreased by about 4 orders of
magnitude compared to a naturally oxidized base and it is completely suppressed
below the measurement limit for an anodization voltage of 4 V.
With the base current being that low and decoupled from the collector and emitter
currents, the OPBT can now be regarded as a field effect-transistor, as was already
proposed by simulations [50]. Although the transmission is increased due to the
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anodization, the on-current of the transistor is reduced for higher anodizing volt-
age. This effect probably originates from a lower electric base-emitter field across
the oxide in combination with a reduced number of pinholes, as will be explained
in Section 5.6. With increasing anodizing voltage and hence oxide layer thickness,
the capacitance of the base oxide is reduced. Figure 5.3 b) shows a decrease in
capacitance (solid line) between base and emitter CBE with higher anodizing poten-
tial. Due to the scattering of data (caused by variation in the electrode overlap,
cf. Figure 3.5 b), the thickness of the AlOx layer cannot reliable be deduced from
the capacitance value in the accumulation regime (positive base-emitter voltage).
However, the phase of the impedance signal (dotted lines) at a constant frequency
of 1 kHz remains close to -90◦ (ideal capacitor) for anodizing potentials of 2 V and 4
V, which proves the excellent blocking of the base leakage current by the tight AlOx
film formed by anodization.
The sample anodized at 2 V shows an increase in leakage current starting at a
base-emitter voltage of 1.2 V (Figure 5.3 a). Simulations reveal that this happens
exactly when charge carrier accumulation starts at the bottom of the base layer [50].
Hence, it can be concluded that the anodization at 2 V creates a very dense oxide
layer on top of the base layer that successfully blocks all leakage current, and current
only leaks into the base from below.
The interfacial adhesion of electrode and semiconductor will have a significant
impact on the electronic properties of a device. In order to improve adhesion of
C60 and base, a heating step is introduced. Half-fabricated OPBT samples without
upper semiconductor layer and emitter electrode are preheated at 150°C for 1 hour
before anodizing the base electrode. Resulting effects on the electrical properties can
be seen in Figure 5.4. In OPBTs with preheating, the base-collector capacitance
CBC is increased and the phase shows a larger difference between on- and off-state
compared to a device without preheating. This is attributed to a better adhesion of
C60 to the electrode and hence an effectively larger active area. At the same time,
increased surface coverage leads to a more homogenous anodization, improving the
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Figure 5.3: Electrical measurements on OPBTs with an electrochemically ox-
idized permeable base electrode. The Al base is potentiostatically
anodized with anodizing potentials of 1 V, 2 V, and 4 V. a) Trans-
fer curves with an emitter-collector voltage VCE of 1 V. Both, on-
current and base leakage current decrease with anodizing potential,
but the decrease in leakage current is much larger. b) Capacitance
and phase curves between base and emitter with a constant fre-
quency of 1 kHz. The phase in anodized samples stays close to
-90◦, indicating excellent insulating properties of the base oxide
layer.
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Figure 5.4: Electronic characteristics of OPBTs with preheating of the perme-
able base. a) The capacitance and the phase curves between base
and collector with a constant frequency of 1 kHz. b) transfer curve
with VCE = 1 V of OPBTs with a heat treatment of 150
◦C for 1
hour in the middle of the fabrication process before anodization.
oxide quality. Consequently, the on/off ratio and base leakage are significantly
improved.
Overall, the electrochemically oxidized OPBTs show on-state current densities
comparable to state-of-the-art OPBTs fabricated by dry oxidization, however, their
leakage current is significantly reduced. Most remarkably, this has been achieved
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Figure 5.5: Elemental distribution in energy dispersive X-ray spectroscopy
(EDX) analysis in TEM using electron transparent cross-sections
of OPBTs. a) with a 15 nm base layer oxidized in ambient air, b)
with a 15 nm base layer anodized at 2 V, c) with a 50 nm base
layer anodized at 4 V. A clear increase in oxide layer thickness can
be observed. The oxide thickness is the same above and below the
base layer. The SiO layers in b) and c) are used for structuring as
depicted in Figure 5.1 a. They are not present in the active area.
Coloring of emitter and collector differs, because different metals
have been used.
with a wet chemical oxidation process atop of an air-sensitive organic semiconductor
material.
5.4 Transmission Electron Microscopy
In order to get experimental access to the thickness of the AlOx layer, element
distributions obtained by spectrum imaging based on EDXS analysis in STEM mode
from cross-sectional TEM lamellae prepared from different representative devices
are analyzed. Figure 5.5 shows cross-sections of OPBTs with dry oxidation and
with anodization at 2 V and at 4 V. The measured oxide thickness increases with
anodizing potential from 5 nm (no anodization, only oxidation in ambient), to 6 nm
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Figure 5.6: The dielectric properties and the transistor characteristics of an-
odized OPBTs with varied thickness of the base electrode. The
capacitance and the phase curves with constant frequency of 1 kHz
between a) Base-Collector (underneath surface of base) and b)
Emitter-Base (atop surface of base) of OPBTs with 15, 30, and
50 nm thick base electrode. c) Transfer curve with VCE of 1 V. An-
odizing potential is 1 V for a) and 2 V for b) and c), respectively.
(2 V anodization) and 10 nm at 4 V anodization, which proves that the thickness
of the oxide film can be controlled precisely by the anodizing voltage.
5.5 OPBTs with Thick Base Layer
Using the standard OPBT layer structure with a 15 nm thin base electrode, an an-
odizing voltage of 4 V would correspond to a residual thickness of the Al electrode
of less than 5 nm, which might lead to a severe and undesired drop of its conduc-
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tivity. For this reason, the anodization technique is applied to devices with thicker
base layers of 50 nm (Figure 5.6). While devices with ambient oxidation barely
show any noticeable transmission with a 50 nm thick Al base electrode, anodized
samples clearly work as transistors with this thick Al layer, which means that pin-
holes through the base layer are present. Presumably the pinholes are created by
strain induced by the anodization process. This difference in the behavior between
OPBTs fabricated by anodization and dry oxidation suggests that the microstruc-
ture of the base electrode is different for both methods. Hence, in the following, the
microstructure is discussed in more detail.
5.6 Morphology of Anodized Layers
The surface morphology of AlOx layers from different oxidation processes is inves-
tigated by SEM, as can be seen in Figure 5.7, comparing ambient oxidation and
anodization at 2 V and 4 V. The contrast between grains is relatively high with dry
oxidation and low with anodization voltage. Because O2 molecules in ambient air
thermally diffuse to Al grain boundaries, the AlOx is expected to grow irregularly
with dry oxidation [108]. However, OH-ions in the anodizing electrolyte drift to the
Al surface driven by a static potential which is uniform on the surface. Thus, AlOx
grows evenly on the surface with anodization. Therefore, the surface of pinholes,
which are mainly located at grain boundaries [109], is also evenly oxidized during
anodization. Another difference in the surface properties which can be seen in Fig-
ure 5.7 is that the Al grains tend to become larger with anodization while the density
and size of the voids between the grains is reduced. While not every void seen the
SEM has to correspond to a pinhole that extends through the layer, it is probable
that the pinhole density is reduced when less voids are present. This observation
is consistent with the finding that the collector current is reduced with increasing
anodization potential (cf. Figure 5.3). Probably differences in the magnitude and
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Figure 5.7: SEM images of the base layers a) with ambient oxidation, b) after
anodization at 2 V, and c) after anodization at 4 V. The aluminum
layers were evaporated onto a gold electrode and a 50 nm C60 layer
to ensure growth conditions that are comparable to complete OPBT
devices. Grains are highlighted with a yellow image mask using a
threshold filter. It can be seen that the grain size of the Al/AlOx
film increases with anodization, while the density of voids is re-
duced. Automated grain counts result in the following data: a)
488 grains per µm2, average grain area 2.0 x 10−15 m2, b) 34 grains
per µm2, average grain area 26.9 x 10−15 m2, c) 41 grains per µm2,
average grain area 24.1 x 10−15 m2.
distribution of strain in the base layer during the oxidation step (anodization vs.
ambient oxidation) give rise to a lower pinhole density for anodized samples.
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5.7 Anodization Atop and Below the Base
Another aspect of the anodization that should be discussed is the conformity of the
anodized film. The AlOx layer is formed not only at the top surface but also at the
surface inside the nanometer-sized pinholes of the Al base electrode, passivating the
entire metal film against current leakage from or into the semiconductor. However,
even if the cross-sectional TEM suggests within its resolution limit an equal thickness
of the oxide at the bottom and top surface of the base electrode (cf. Figure 5.5), this
is a priori not clear to be an inherent property of the anodization process. In order
to investigate this aspect more thoroughly, we analyze the capacitance between base
and collector (CBC) as a measure of the AlOx thickness underneath the base. The
values for CBC increase with the thickness of the Al base layer (cf. Figure 5.6 a,
for negative voltage), which means in turn that the thickness of the anodized AlOx
layer underneath the base electrode decreases with a thicker base electrode. This
is because the infiltration of the electrolyte through the nanometer-sized pinholes
of the base electrode is stochastically blocked with increasing thickness of the base
electrode. CBC of AlOx underneath a 15 nm Al base is doubled compared to a 50 nm
thick Al base with an identical anodizing potential of 1 V, while the capacitance
between emitter and base (CEB) is independent of the thickness of the base electrode
(Figure 5.6 b). The bottom side of the base layer facing the collector is less exposed
to the anodization, because it is passivated by the bottom C60 layer. Moreover,
although the anodization enhances the oxide layer thickness also on the bottom side
of the base layer, the lowered phase of the impedance data for the collector-base
capacitor clearly shows that the oxidation is less perfect, because the electrolyte
may not reach every part of the metal-C60 interface.
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5.8 Conclusion and Outlook
In conclusion, vertical OPBTs with a large on/off ratio (> 105), large on-current-
density (> 300 mA/cm2), and record transmission factors of 99.9996% are possible
by employing a wet electrochemically oxidized permeable base electrode. The Al
base electrode located in the center of the vertical OPBT device is exposed to an
electrolyte and anodized to form an AlOx surface around the base layer and inside
the nanometer-sized pinholes. In contrast to naturally oxidized AlOx layers, the
dielectric properties of anodized AlOx layers underneath and at the top surface
of the base electrode are defined and controlled by anodizing conditions and the
thickness of the Al base electrode. The results show that anodization is a viable
method to create an excellent and well defined dielectric oxide for OPBTs and that
organic semiconductors can withstand this process.
For an industrial application, anodization has to be integrated into a mass pro-
duction process. During anodization, an electric field is applied to the base layer
of the OPBT from a counter electrode. If this counter electrode is rendered large
enough (i.e., a thin metal sheet), a uniform electric field can be created for a mul-
titude of devices on the substrate. This method provides an anodized oxide layer
with accurate and identical thickness and results in reliable properties among mass-
produced vertical OPBTs. In addition, the anodizing potential can be applied even
to continuous films, i.e., in roll-to-roll manufacturing. Contacting of multiple base
layers can be accomplished by a matching PCB board with contact pins, or even
more effectively by choosing the shadow mask layout in a way that all base elec-
trodes are interconnected. They would then have to be separated after anodization
by laser ablation, which can be efficiently integrated into a roll-to-roll manufacturing
process [110].
The advances in OPBT characteristics by anodization set the grounds for the
reliable fabrication of high-performance OPBTs. The improved degree of fabrication
reliability together with the low static power loss and low base leakage current
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might enable the integration of OPBTs in complex electronic circuits in the future.
Moreover, the method proposed here allows for controlling the device capacitance
and employing thicker base metal films resulting in a lower electrode resistance.
Both aspect are of utmost importance for the development of even faster organic
transistors, as well as for the reliable production of flexible OPBTs.
The results and figures presented in this chapter have been published in Ad-
vanced Materials, Volume 31, 2019 [111].
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While transmission electron microscopy (TEM) has helped throughout this work
to clarify device structures and identify problems in the layer stacking, this chapter
will concentrate on a plane-view investigation of the base layer, which is particularly
helpful for the understanding of OPBT device function.
6.1 EDXS Investigation of the Base
The microstructure of the base electrode in an OPBT is decisive for its performance.
While statistical considerations show that pinholes in the base layer must be present
in order to achieve high current transmission factors [92], it is difficult to directly
investigate the pinholes because of experimental limitations. With an expected pin-
hole diameter of a few nanometers [109], very high resolution microscopy is needed.
In the cross-sectional images (Figures 3.1, 4.3, 5.2), despite excellent resolution,
pinholes are not visible, because the cross-sectional scans integrate over a thickness
of 100 nm. Hence, in order to investigate pinholes, a plane-view scan of the base
layer is needed. Since scanning electron microscopes due not offer sub-nanometer
resolution, that is necessary to clearly asses the shape of nanosized pinholes, samples
have to be prepared for transmission imaging in a TEM.
The TEM sample is prepared by depositing a base layer onto a fine copper grid,
that can be introduced into the TEM. First, a 50 nm C60 film is deposited, in order
to provide similar growth conditions as in a full device, followed by a 15 nm Al film.
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(a) EDX of Base: Al Signal (b) EDX of Base: Al + O Signals
Figure 6.1: Energy dispersive X-ray spectroscopy (EDXS) on the base layer.
The sample investigated mimics a base layer of an OPBT. A perco-
lated network of aluminum can be seen. Pinholes are clearly visible.
There is an oxygen signal everywhere, where aluminum is present,
representing the native AlOx layer. Around the edges of the pin-
holes the oxygen signal is stronger, showing the oxidation of the
sidewalls of the pinhole. Image has been taken by Petr Formánek
of the Leibniz IPF (Dresden) in collaboration with René Hübner at
the Helmholtzzentrum Dresden Rossendorf.
The sample is then exposed to ambient air for 15 min, like it is done during OPBT
fabrication.
As a result TEM images are obtained showing the base layer structure with pin-
holes. Energy dispersive X-ray spectroscopy (EDXS) in scanning TEM mode allows
for an analysis of the elemental composition of the film, as shown in Figure 6.1.
The images show a percolated structure of aluminum with voids in between, corre-
sponding to the expected pinholes. An oxygen signal is present everywhere, where
there is aluminum, proving that the entire aluminum surface is oxidized. Within
the pinholes, a stronger oxygen signal can be observed, which can be understood as
the oxidized vertical sidewall of the pinhole.
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Because the aluminum layer percolates by connection of islands on top of the low
surface-energy C60 layer [32], pinholes mostly have an elongated shape with a size of
approximately 10 nm by 3 nm. The pinhole density is of the order of 50 per 1 µm2.
With this knowledge, the plausibility of the existing model for charge conduction at
the base layer can be examined.
6.2 Comparison to Simulation
The pinhole density obtained from the EDXS investigation leads to two questions. Is
the distance between pinholes short enough for all electrons to find their way across
the base? And is the overall pinhole area large enough to drive a large current
through the device?
Simulations done for the PhD thesis of F. Kaschura in 2017 [92, pp.78] show that
the highly conductive channel formed in front of the base oxide layer allows for a large
horizontal collection distance of electrons to a pinhole. The increase in charge carrier
density due to accumulation at the base oxide leads an increase in conductivity that
allows an electron to travel for several 10 µm without experiencing an electrical
resistance that is relevant compared to rest of the device. With an observed pinhole
density of 50 per 1 µm2, the average distance is below 200 nm, hence comfortably
within the desired limits. It has to be noted though, that the simulation does not
take electron leakage through the base oxide into account. This effect will somewhat
limit the horizontal collection distance in a real device.
The second question puts the pinhole area in relation to their density. The ob-
served structure of the base layer means that in a full device the current traveling
through approximately 1/50 µm2 = 2·104 nm2 in the bulk C60 layer has to pass
through a pinhole of about 20 nm2 in size. Hence the current density in the pin-
hole will be increased 1,000 fold over the already large current density in the bulk
material. Again this can be understood by an increase in charge carrier density in
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the pinhole by accumulation. The simulations show a charge carrier density that is
1,000 times larger in the pinhole than in the bulk C60 film. Since this translates into
a corresponding rise of the conductivity, the base region does not constitute a bot-
tleneck for current transport in the device. This is in accordance with measurements
showing space-charge limited current that scales perfectly with the thickness of the
intrinsic C60 layer in OPBTs [46]. At the same time, these observations suggest that
the native pinhole density in OPBTs is perfectly matching the device’s needs and
hence meets the ideal compromise between large current density and low off-state
current.
6.3 Tightness of the Base Oxide
In Chapter 5 anodized OPBTs with an impressive transmission factor α of 99.9996%
are shown. The transmission factor expresses how many of the electrons injected at
the emitter will reach the collector and how many are lost as base leakage current.
Using the knowledge about pinhole distribution gained in the present chapter, some
conclusions can be drawn about the quality of the anodized base oxide layer.
An electron that reaches the base layer on its way through the OPBT travels
horizontally through the accumulation channel at the base oxide until it finds a
pinhole. The further its initial position is from a pinhole, the more time it will
spend at the oxide interface. There it has a certain probability to relax into the base
layer, hence to contribute to the leakage current. This translates into an exponential
collection probability pc describing the chance an electron reaches the pinhole before
it is lost into base with respect to its initial distance from the pinhole r.
pc(r) = e
−γr (6.1)
The magnitude of the loss and hence the quality of the oxide is described by the
decay constant γ. The collection probability pc is 100% for an electron that reaches
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a pinhole directly (r = 0) and decreases exponentially with the distance it has to
travel to the closest pinhole.
In order to find the average collection probability, equivalent to the transmission
rate α, we integrate pc over a circle with radius rp around the pinhole and normalize
to the area of that circle. With rp equal to the half average distance between two























2− 2 pc(rp) [1− ln (pc(rp))]
[ln (pc(rp))]
2 (6.5)
Equation 6.5 provides a relation between the transmission factor α and the collection
probability for an electron at the maximum distance from a pinhole pc (rp). The
experimentally conceived transmission factor of α = 99.9996% corresponds to a
minimum collection probability of pc(rp) = 99.9995%.
This very large collection probability means that only one out of 200,000 electrons
traveling the maximum distance to a pinhole may be lost into the base layer. It has
to be noted that the values of pc(rp) and α are very close to each other, only if they
are almost unity.
A pinhole density of 50 per 1 µm2 corresponds to an average pinhole distance of
160 nm, hence a maximum distance to the next pinhole of 80 nm. Along this way,
electrons have the chance to leak into the base layer by tunneling or through a void
in the oxide layer. It is an impressive finding that the anodized oxide in OPBTs is
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of such a high quality that only 1 out of 200,000 electrons can follow one of the loss
paths.
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7 Results – Electrical Stress
Measurements
Impressive electrical characteristics of organic transistors have been shown in this
work. However real-world applications of require a number of additional properties
like integrateablity, low power consumption, and stability. OPBTs operate on low
voltages, generally enabling integration into electronic circuits. The static power
consumption of OPBTs can be drastically reduced using anodization, as shown in
Chapter 5. Stability, though, has not yet been studied for OPBTs and there is
little research regarding the behavior of short-channel vertical organic transistors
under continued electrical stress. This chapter will give a thorough insight into the
stability of OPBTs in particular with regard to its possible fields of application, like
backplanes of active matrix organic light emitting display (AMOLED).
The possibility of high current operation is one of the main advantages of OPBTs,
but at the same time puts the device in a strong stress condition. While extremely
large current densities of the order of kA/cm2 are only reached in pulsed operation,
direct current in OPBTs is regularly of the order of several A/cm2. Hence the
stability of OPBTs that are exposed to high current densities for extended durations
is investigated. Also the effect of negative voltage stress, which corresponds to the
off-state condition of the transistor, is studied, as well as the influence of temperature
and illumination conditions on the stability of OPBTs.
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OPBTs are found to be highly stable under stress over extended periods of time at
room temperature and also under strong illumination, a condition commonly found
in AMOLED backplane circuitry. At elevated temperatures, a stronger shift of the
transistor curves is observed, which, however, reverts to its starting point after a
rest period.
Comparing OPBTs to the state-of-the-art in TFTs, they proof to be as stable
as the best OFETs and comparable to inorganic devices currently used in display
industry. Stability investigations on organic field-effect transistors (OFETs) with
lateral channels show threshold voltage shifts ranging from several volts after an hour
of bias-stress down to less than 100 mV. Particularly stable devices can be achieved
using molecular additives [112] and bi-layer gate dielectrics [113], reaching parity
with microcrystalline silicon and amorphous oxide devices [113]. Threshold voltage
shifts in OPBTs at room temperature are found to be comparable to those leading
edge TFTs, though at significantly smaller device operating voltages and much
higher current densities. Hence OPBT performance and stability are on par with
the best TFTs and the devices are suitable for applications in display backplanes.
7.1 Threshold Voltage Definition
The threshold voltage Vth is a measure for the voltage level at which the transistor
channel starts to be conductive. It can be derived from the transistor’s transfer
curve. Although the definition of Vth in organic transistors is not as clear as in
inorganic devices [24], the shift of Vth is often used as a figure of merit for the
stability of OFETs. It can be derived analytically in transistors with long chan-
nel lengths [114]. In short-channel devices though, it becomes dependent on the
magnitude of the supply voltage [115], hindering analytical modeling.
Hence for this study, a suitable technical definition of the threshold voltage for
short-channel vertical OPBTs is conceived and used as an indicator for electrical
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When comparing results of stress measurements using a quadratic or a linear fit
for Vth, very similar qualitative results are obtained. There is however an almost
two-fold difference in the absolute level of the Vth values, so no conclusions should
be derived from the absolute numbers.
7.2 Electrical Stress Conditions
Electrical stress conditions are applied to OPBTs by setting a constant supply volt-
age of VCE = 1 V between the emitter and collector electrodes and adjusting the
base potential to drive the device in a high or low current regime, called on- or
off-stress in the following. Before the stress condition is applied and at certain times
during the stress test, a transfer curve is recorded by sweeping the base-emitter
voltage from -0.5 V to 1.5 V, in order to determine the threshold voltage Vth, as can
be seen on a logarithmic time scale in Figures 7.2 a) and b). Figure 7.2 c) shows
how the emitter current level follows the base-emitter voltage. It is large during
on-stress (2 mA, corresponding to a current density of 3 A/cm²) and more than
five orders of magnitude lower during off-stress. Hence, in the on-stress condition
the device is exposed to a large current, potentially leading to trap-filling and/or
material degradation, while the off-stress condition represents a strain solely by an
electrical potential. With a layer thickness of 100 nm, the electric field strength at
1 V amounts to 0.1 MV/cm between base and emitter in the off-state.
OPBTs drive a space-charge limited current through both the upper and lower
semiconductor layers in the on-state. At the base electrode, an accumulation chan-
nel is formed and all charge carriers pass through nanometer-sized holes in the thin
aluminum film. Consequently the charge carrier density at the interface between
semiconductor and base oxide is several orders of magnitude larger than in the bulk
semiconductor [50]. It can thus be assumed that any effects of on-stress predomi-
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level unchanged. With on-stress, on the other hand, the subthreshold curve shifts
only for the very first data-point. The later shift in Vth is then caused by a decrease
of the on-current and the steepness of the slope. Even though this behavior looks
like a destructive degradation, experiment proves it to be reversible, since the sample
returns to its original on-current level after a period of rest or off-stress. In the insets
in Figures 7.3 a) and b) the threshold voltage positions are marked on a section of
the transfer curve in a linear plot. It can be clearly seen how the turn-on point of
the device shifts to higher voltages and lower currents under on-stress and undergoes
the opposite development under off-stress.
In many realistic application scenarios, for example in an oscillator circuit with
a duty cycle below 50%, on-stress situations occur alternately with longer times of
off-stress. In such an application the on- and off-stress effects in an OPBT may
cancel each other out, leading to a particularly stable device operation.
7.4 Temperature Dependence
Stress mechanisms in organic transistors may be temperature activated [116], hence
it is of interest to investigate stress effect at various temperatures. Figure 7.4 shows
threshold voltage shifts measured at room temperature and at 30 K above and below
room temperature, respectively, under the same measurement conditions as detailed
above. At low temperatures, hardly any stress effect can be seen, suggesting that
both on- and off-stress are in some way temperature activated. This is different
for higher temperatures though, since off-stress effects are very similar for room
temperature and 54◦C, while on-stress is significantly increased in magnitude.
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7.5 Current Dependence
It has to be underlined that the temperature activation of on-stress is not due
to an increase in on-stress current at the elevated temperature. In contrast, the
stress-current observed at 54◦C is not significantly larger than at room temperature.
Figure 7.5 provides threshold voltage shift data after one hour at different stress
current levels. The on-stress effect scales perfectly linearly with the stress current,
indicating that the dominating physical origin of on-stress effect is the current driven
through the device, while the inverse off-stress effect is caused by a potential applied
to the transistor without significant current flow. This result also means that an
OPBT that is used in an application with lower on-current densities will experience
a proportionally reduced threshold voltage shift.
7.6 Stress Under Illumination
Threshold voltage shifts can become problematic in an electronic circuit, since the
transistor’s response to an input signal is altered. This problem is detrimental to
the commercialization of organic thin-film transistors, as well as amorphous silicon
devices. Inorganic oxide transistors, that are commonly used in inorganic active
matrix displays, and microcrystalline silicon devices exhibit comparably low thresh-
old voltage shifts of 50 to 100 mV after one hour at 50◦C [117]. While the shifts in
OPBTs are slightly larger than that at a high temperature, they are found to show
excellent stability under room temperature or in applications that operate with a
reduced duty-cycle.
An important example for an application with a short duty-cycle is the switching
transistor in an activate matrix display backplane. There, a transistor has to drive a
very high current during a short pixel-addressing time below 1 µs in order to program
the desired brightness information onto the storage capacitor. Vth stability is highly
important, because the current level at a given voltage relates to the pixel brightness.
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reason for the observed threshold voltage shifts is some form of electromigration in
the device, as observed in OFETs by Bobbert, et al. [90]. Such a process would not
be influenced by illumination and would thus be in agreement with our observation.
Migrating moieties may be ions from residual water molecules in the device. These
are inevitably present in OPBTs, because the devices have to be exposed to an
oxidizing agent in order to form the native base oxide layer. This explanation is in
line with our finding that no stress-effect can be observed at a temperature below
the freezing point of water, as was previously proposed by Kettner et al. [118].
7.7 Conclusion and Outlook
The stability of vertical short-channel organic permeable base transistors is thor-
oughly investigated and competing effects of on-stress and off-stress on the threshold
voltage of the device are found. Vth shifts are below 100 mV for extended stress-times
of several hours and can be reverted by opposite stress. The stability of the device at
room temperature is comparable that of inorganic oxide-TFTs and microcrystalline
silicone devices.
The effect of on-stress is found to be significantly temperature activated and the
threshold-voltage shift does not change under strong illumination. These observa-
tions hint towards an electromigration process as the source of the stress effect.
Consequently, mitigation of electromigration can further enhance stability of OPBT.
The critical layers in the device are the base electrode and its oxide, because very
high current densities in the base region are expected to be responsible for the on-
stress effect. Hence, a hydrophobic treatment of the central base electrode is a
promising path for future research [119].
Since OPBTs, in comparison to other organic transistors, can drive very large
current densities, have an excellent on-/off-ratio and achieve short switching times,
they are ideal candidates for use in organic display backplanes. Excellent stability
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during short-term on-stress and under strong illumination, comparable to devices
already used in display industry, highlights their suitability for this application.
The results and figures presented in this chapter have been submitted for
publication in Advanced Electronic Materials, 2019.
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8.1 Conclusion
This work adresses aspects vital for the commerciallization of the world’s fastest or-
ganic transistor, the organic permeable base transistor (OPBT). This was achieved
by demonstrating the first bendable OPBTs on flexible polymer substrates, by es-
tablishing a controlled oxidation technique to reliably create an excellent base insu-
lating layer, and by demonstrating the transistor’s stability under electrical stress.
This chapter summarizes the achievements in each field and highlights the most
important findings.
OPBTs have been investigated for more than two decades [41], but flexible OPBT
devices have not been demonstrated so far. This work shows well-working bendable
transistors, and also gives detailed insight into the challenges imposed by the use of
flexible polymer substrates. A main issue is the low production yield when depositing
these devices on polymer substrates. Hillocks on the metal film created by thermal
stress were identified as a source of this problem, and simply changing the electrode
material greatly improved the production yield. Despite all difficulties, excellent
flexible OPBTs with an on/off-ratio of 50.000 and a steep subthreshold slope of 125
mV/dec were achieved.
The production yield of OPBTs is furthermore improved by establishing an an-
odization method to create the base oxide layer. At the same time, this method
facilitates a dramatic increase in the charge carrier transmission rate and hence the
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current gain in OPBTs. The oxidation of the aluminum base electrode has previously
been achieved by exposing the devices to ambient lab air during the production. This
caused large fluctuations in device performance and generally large leakage currents
into the base electrode. By using anodization to electrochemically oxidize the base
electrode, OPBTs can be precisely and controllably produced, remarkably without
damaging the C60 semiconductor. Since the oxide thickness scales linearly with the
voltage applied during anodization, the oxide layer can be optimized to effectively
block leakage currents, resulting in a transmission factor of 99.9996%, corresponding
to a current gain of 2.5·105.
Anodization allows very large charge carrier transmission factors to be achieved
and curiosity rises to understand how such a large percentage of charge carriers can
be transmitted through the nano-sized openings in the base layer, without losing
them via relaxation into the base electrode. Chapter 6 provides high-resolution
TEM images of the base layer and demonstrates that the base oxide covers the
entire electrode area including the sidewalls of the nano-openings. Geometrical
considerations concerning the charge carrier’s path on their way across the base
electrode further emphasize the quality of the insulating oxide layer.
Finally, the behavior of OPBTs under the influence of electrical stress, which will
be present in any application scenario, was investigated. The devices are very stable
at room temperature with threshold voltage shifts below 100 mV, even at extended
high current stress over several hours. While larger shifts were observed at elevated
temperatures, it was also be that opposite stress conditions applied to OPBTs result
in opposite stress effects. Consequently, a device that is exposed to oscillating stress
conditions may experience counteracting threshold voltage shifts, adding up to a very
low net stress effect. Since OPBTs can drive very large currents, they are perfectly
suited for use as switching transistors in AMOLED displays, where a capacitor must
be charged during the sub-microsecond pixel-addressing time. With this application
in mind, the stability of OPBTs was also tested under illumination, as would likely
be present in a display. Under such conditions, the devices were found to be very
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stable with threshold voltage shifts low enough for use in this challenging and very
relevant application. Some findings point to water moieties in the device as the
source of electrical stress effects, hence a further improvement of the devices may
be possible by mitigating the influence of water.
To conclude, major milestones were achieved that bring the OPBT closer to ap-
plicability in flexible electronic products of the future. Solutions are presented for
significant issues, such as the low production yield and large leakage currents. In-
vestigations into the nano-structure of the base layer, as well as into the electrical
stability of OPBT devices increase the understanding of these innovative devices,
facilitating future research and identifying well-suited application scenarios. These
achievements are expected to make a path for the widespread application of the
world’s fastest organic transistor.
8.2 Outlook
Interesting findings in science generally lead to even more interesting questions.
Therefore, this chapter provides ideas for how the advances in this work can be used
for future research and consequently further optimization of OPBTs.
Flexible OPBTs on polymer substrates have been demonstrated, and it has been
shown how they can be produced with an increased yield. Future research is expected
to focus on the systematic investigation of the bendability and endurance of flexible
OPBTs under controlled atmospheric conditions. For bendability, two major aspects
are important. One is investigating of the bendability of all individual materials
used in the device stack. Specifically, the thick oxide layers used as insulators for
structuring of the active area may need to be replaced by a more flexible material
to allow for low bending radii of flexible devices.
The other important aspect is the packing of the entire device in an encapsulation
system, which must protect against intruding oxidizing moieties and offer a certain
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degree of mechanical protection. The later requirement will likely necessitate a
second polymer film to be laminated onto the finished device. Therefore, care must
be taken to match the mechanical properties of the polymers and the lamination glue
in order to avoid delamination during bending. If the encapsulation can be designed
to place the device and the barrier film in the neutral plane of the system, it is
possible to significantly reduce the mechanical stress under bending. Encapsulated
devices will need to be tested under controlled humidity and temperatures before
and after testing to properly evaluate their lifetime.
The anodization technique developed in this work allows OPBTs to be controllably
produced. It has so far only been employed on single glass substrates, hence the
logical next task is to transfer the technology to larger wafers and also to flexible
substrates to obtain high yields of reliable and very well-performing flexible devices.
Investigating the electrical stress stability of OPBTs pointed to water moieties in
the device as the source of stress effects. This insight raises the question as to how
much the stability will suffer when OPBTs are used on flexible substrates with sub-
optimal encapsulation. Hence, such stability investigations should be included in a
degradation study. Interactions between electrical stress and degradation caused by
external moieties may lead to complex effects, but they are of great importance for
the application of OPBTs in flexible electronic circuits. At the same time, if water
molecules are the source of stress effects in OPBTs, it may be possible to even further
increase the device stability. While it will not be practical to completely avoid such
moieties in the devices, their access to the important interface between the base
oxide and semiconductor may be blocked, i.e. by adding hydrophobic self-assembled
monolayers to the surface of the base oxide.
Beyond these research steps which build on the work presented in this thesis, it
may be of great interest to improve the charge carrier mobility in OPBTs. The
mobility currently measured in the devices is below 10−1 cm2/Vs [46], and an in-
crease would linearly improve transconductance and hence the transition frequency.
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Increasing the charge carrier mobility in OPBTs may be achieved through specific
treatments of the C60 semiconductor or by employing a different material, which
may be either organic or inorganic in nature.
In summary, there are many ideas for future investigations and optimizations
of OPBTs, which show that this device is very interesting scientifically and also
commercially. The upcoming years will show, how much of the device’s potential
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“Roll-to-roll compatible organic thin film transistor manufacturing technique
by printing, lamination, and laser ablation”. In: Thin Solid Films 571 (2014),
pp. 212–217. doi: 10.1016/j.tsf.2014.10.086.
[111] F. Dollinger, K.-G. Lim, Y. Li, E. Guo, P. Formánek, R. Hübner, A. Fischer,
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